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FORWARD 
Hydriding o f  unalloyed titanium tubing has been found i n  a system 
which d e l i v e r s  gaseous hydrogen from a l iquid  hydrogen storage tank. I n  
order  t o  l e a r n  t h e  cause of th i s  hydriding and methods of preventing i t ,  
NASA Manned Spacecraft Center, Houston, Texas, i n i t i a t e d  a study a t  B a t t e l l e  
Memorial I n s t i t u t e ,  Columbus Laboratories. This work was performed under 
NASA Contracts  NAS 9-5298, 9-6565, and 9-7549 during the  periods October, 
1965, to June, 1966; October, 1966, t o  April,  1967; and January t o  December, 
1968, 
I n  a second phase of Contract NAS 9-7549 conducted from January t o  
December, 1968, a study of hydrogen-related weld embrittlement i n  titanium 
a l l o y  weldraents was conducted, This study was i n i t i a t e d  a t  B a t t e l l e  as a 
r e s u l t  of  a f a i l u r e  of a Ti-6A1-4V helium pressure vessel  of a Saturn I V  B 
rocket  t e n t a t i v e l y  a t t r i b u t e d  t o  hydrides i n  the  weld area, The conditions 
leading t o  hydride formation i n  Ti-6A1-4V weldments made with unalloyed 
f i l l e r  m e t a l  were investigated. 
These s tud ies  were administered under the  d i rec t ion  of Mr. S.V. Glorioso: 
NAsA/MSC. Battelle personnel who par t ic ipa ted  i n  the  inves t iga t ion  were 
E. S, B a r t l e t t ,  Chief; D. N. IJilliams, Associate Chief; A, W. Hodge, Fellow 
(now re t i r ed ) ;  and B. G. Koehl, Chemist; a l l  of the  Nonferrous Efetallurgy 
Division, R. A, Mueller of the  Materials Joining Technology Division supervised 
the  welding operations, 
INVESTIGATION OF THE REACTION OF TITANIUM WITH HYDROGEN 
ABSTRACT 
An inves t iga t ion  of t h e  r eac t ion  between t i tanium and hydrogen gas 
has been made to determine t h e  f a c t o r s  which promote sur face  hydriding and 
methods of prevent ing it. A second phase of the  work s tudied weld embri t t le-  
ment r e s u l t i n g  from hydrogen segregatiorl  i n  shee t s  of Ti-6A1-4V a l l o y  welded 
with unalzoyed t i tan ium f i l l e r  metal. 
High-purity hydrogen was e s s e n t i a l  f o r  a r eac t ion  t o  occur between 
t i tan ium and hydrogen gas i n  these  s tudies .  A t  near room temperature and a 
hydrogen pressure  up t o  20 psig,  a c lean,  vacuum annealed su r f ace  was found 
t o  be e s s e n t i a l  f o r  hydriding. Above 20 p s i g  hydrogen pressure,  only abra- 
s i o n  o r  g a l l i n g  immediately preceding hydrogen exposuie tias needed t o  i n i -  
t i a t e  t h e  reac t ion ,  An inc rease  i n  hydrogen pressure  o r  temperature, an  
a c i c u l a r  microstructure,  and o i l y  contamination during g a l l i n g  o r  abrasion 
a l l  increased t h e  tendency toward reac t fon  with hydrogen. Reaction was 
decreased by exposure of  specimens t o  a i r  a f t e r  abrading o r  g a l l i n g  and 
before  hydrogen exposure. S t r e s s  had no e f f e c t  i n  i n i t i a t i n g  a r eac t ion  
nor d id  length of exposure time. 
I n  35 percent  d i l u t i o n  welds of  Ti-6A1-4V p l a t e s  using unalloyed 
t i tanium (Ti-50A) f i l l e r  mater ia l ,  no s i g n i f i c a n t  evidence of hydrogen 
embrittlement w a s  found i n  mechanical property s tud ie s ,  although hydride 
banding was observed. 
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SUMMARY 
This  work was done i n  two phases, (1) Gas-Metal Reactions,  and 
(2) Weld Embrittlement Studies  
Gas-Metal Reactions 
- - 
The purpose of t h i s  i nves t i ga t ion  was t o  determine whether t i t a n -  
ium and t i t an ium a l l o y s  could be made t o  r e a c t  cons i s t en t ly  with hydrogen at: 
near room temperatures and low t o  medium pressures.  Af t e r  determining t h e  
f a c t o r s  which inf luenced t h i s  reac t ion ,  methods f o r  decreasing t h e  suscept i -  
b i l i t y  of t i t an ium and i ts  a l l o y s  t o  r eac t ion  wi th  hydrogen were studied. 
The f a c t o r s  which were s tud ied  and the  e f f e c t  of these f a c t o r s  on 
t h e  t i taniun-hydrogen r e a c t i o n  a t  near room temperature and a t  low t o  medium 
hydrogen p re s su re  were as follows: 
Hvdronen Puri ty .  For a r eac t ion  between hydrogen gas and t i t an ium 
t o  occur i n  t h e s e  s t u d i e s ,  hydrogen of h ighes t  p u r i t y  trapped with l i q u i d  
n i t rogen  was necessary. The oxygen impurity found i n  less pure hydrogen con- 
taminated t h e  sample su r f ace  thus preventing t h e  hydriding react ion.  
Pressure.  Resction between t i t an ium ana hydrogen occurred at 2res-  
su re s  from atmospheric t o  1000 ps ig  depending on su r f ace  treatment of t h e  
sample, Below a hydrogen pressure  of 20 psig,  t he  sur face  required vacuum 
anneal ing t o  produce a su r f ace  s u f f i c i e n t l y  c lean t o  r e a c t  with hydrogen. 
Above 20 p s i g  hydrogen pressure,  only g a l l i n g  o r  abrasion immediately pre- 
ceeding exposure was needed t o  i n i t i a t e  a hydriding react ion.  A d e f i n i t e  
c o r r e l a t i o n  was found between hydride thickness  and hydrogen pressure. 
Temperature. Most of t h e  work was done a t  temperatures from 75 t o  
130 F and l i t t l e ,  i f  any, d i f f e r znce  i n  hydriding r a t e  wi th  temperature w i th in  
t h i s  range  was noted. 
Surface Condition. The nxide layer ,  always present  on t i t an ium sur-  
-. 
faces,  was a c r i t i c a l  f a c t o r  i n  hydriding. I ts  removal by abrasion o r  g a l l i n g  
and vacuum annea l ing  (with a t i t an ium f o i l  ge t ce r ) ,  assured hydriding a t  a t -  
mospheric hydrogen pressrrres. Above 20 psig,  only abrading o r  g a l l i n g  was 
necessary. Exposure of t h e  abraded and annealed su r f ace  t o  a i r  f o r  only one 
minute e l imina ted  hydriding completely a t  atmospheric hydrogen pressure.  At 
above atmospheric pressures ,  t he  amount of hydriding decreased wi th  increas-  
ing  exposure t o  air  a f t e r  abrasion and before  hydrogen exposure. Some time 
between one and s i x  days? a ir  exposure was s u f f i c i e n t  t o  i n h i b i t  hydriding. 
Stress,  The e f f e c t s  of both cycl ic  and static stress on the i n i t i a -  
t ion  of t h e  titanium-hydrogen react ion were studied a t  atmospheric and 300 
psig hydrogen pressures, Neither type of stress had any e f fec t  on the  react ion 
with hydrogen. Cyclic stress appeared t o  promote hydride spa l l ing  and surface 
p i t t i n g  on one test. 
Galling. A11 the meta l l ic  material. used i n  the  work t o  scratch o r  
g a l l  the  t i tanium resul ted  i n  i n i t i a t i n g  a hydriding reaction. These n a t e r i a l s  
included Ti-SO, H-11 steel, 304 SS, C-3 tool ,  i ron,  nickel,  and a w i r e  brlsh. 
Hydriding tended t o  accur only i n  the  v ic in i ty  of 2he scratches produced by 
gal l ing  aod not  over the e n t i r e  surface. The in tens i ty  of the reaction was 
not appreciably af fec ted  by t h e  manner of the ga l l ing  (longitudinal, trans- 
verse, o r  by l a the )  lzor was it affec ted  by the  material  used t o  g a l l  t h e  
titanium. The m e r e  contact of a material  ( i ron and nickel) with the  titanfum 
w a s  not proved conclusively t o  have i n i t i a t e d  a hydrogen reaction. 
Contamination. When titanium was  gal led i n  t h s  presence of various 
contaminants, the hydrogen reactfon was consdderably increased, Among the  
contaminants found, o i l  w a s  most. intensively studied because of i ts  common 
presence f n  gndust r ia l  processes, Oily contamination reduces the  effect ive-  
ness of a ir  exposure i n  retarding hydriding. Af ter  six days i n  air fol7-oxdng 
o i l y  gall ing,  t h e  hydrogen reazzion still occurred although not as extezsively 
as noted immediately a f t e r  oalling. Oily contamination a l s o  increases the  
tendency f o r  ga l l ing  to  i n ~ c i a t e  a reaction. 
Material Composition. Ti-50A, Ti-5Al-2.5Sn, Ti-6A1-4V, and Ti-13V- 
1ICr-3A1 tiraniurn a l loys  w e r e  used i n  t h i s  work. The most react ive  with hydro- 
gen was Ti-13V-llCx-3A1; howaver, i t  was only testei! at atmospherfc pressure. 
After  t h e  Ti-13V-llCr-3A1 react ion at  atmospheric pressure, Ti-5A1-2.5Sn 
proved ta be t h e  next most reactive, only s l f g h t l y  moreso than the  Ti-50A. 
Ti-6A1-4V was the least reactive, A t  300 psig hydrogen pressure, the 
Ti-Skl-2.5Sn a l l o y  was most react ive  followed by Ti-SOA. The Ti-6A1-40 
proved t o  be least react ive  at the  higher hydrogen pressure. 
Material Structure. The coarse ac icu la r  microstructure proved to  
be the  most r eac t ive  with hydrogen and least affected by exposure to  a i r  
a f t e r  abrasion and p r io r  t o  hydrogen exposure. There was l i t t le  difference 
i n  hydrogen r e a c t i v i t y  among the  samples having equiaxed and cold ro l led  
microstructures, 
Time, The time of evacuation before exposure to  hydrogen proved 
-
ro be of l i t t le  significance. The t i ~ e  of exposure t o  air afzer  abrasfon 
and p r i o r  t o  hydrogen exposure was very important, increased t i m e  of expo- 
sure  resu l t ing  i n  decreased hydrogen reaction. 
Galling i n  a Hydrogen Atmosphere, Galling i n  a hydrogen atmosphere 
resulted i n  a rapid hydriding o t  the  galled surfaces and accelerated wear of 
the titanium, 
Weld Embrittlement Studies 
This phase of the  work was designed t o  determine the  e f f e c t  of 
hydrogen segregation and subsequent :.eld embrittlement i n  welds made i n  
33-6A1-4V using unalloyed titanium as f i l l e r  metal. 
Four weldments were made of Ti-6Al-4V sheets  welded with Ti-Soh 
f i l l e r  metal and onc of Ti-5A1-4V sheets  welded with Ti-6A1-4V f i l l e r  m e t a l ,  
A l l  welds were of about 35 percent dilution*, The hydrogen content of t h e  
Ti-6A1-4V shcets  varied from 63 t o  313 ppm and t h a t  of the  Ti-SOA from 64 to  
145 ppm. 
Metallographic eramination showed hjjdride precipi ta t ion  i n  a l l  the  
welds except the  one which consisted of Ti-6A1-4V welded with Ti-6A1-4V f i l l e r  
metal. Bands of hydride were observed a t  the  weld metal-heat af fec ted  zone 
in te r face  of welds nade t o  jo in  high hydrogen Ti-6A1-4V sheet  using unalloyed 
titanium f i l l e r  m e t a l ,  The amount of banding w a s  heavier i n  a weld made using 
high hydrogen unalloyed titanima f i l l e r ,  but was a l s o  present i n  a weld using 
low hydrogen unalloyed titanium f i l l e r ,  
Notched t e n s i l e  tests, unnotched t e n s i l e  tests at two s t r a i n  rates, 
notched stress rupture tests, and sustained bending load tests f a i l e d  t o  show 
s ign i f i can t  evidence of hydrogen embrittlement, e i t h e r  impact embrittlement 
o r  low s t r a i n  r a t e  embrittlement. 
*AS defined i n  the  AfJS Handbook, 
STUDIES OF THE REACTION BETWEEN HYDROGEN GAS AND TITANIUM 
Introduction 
This inves t iga t ion  was s t a r t e d  as a r e s u l t  of the f a i l u r e  of a 
t i tanium tank which was a t t r i b u t e d  t o  a react ion  between titanium and hydro- 
gen gas near  room temperature(l). Liquid hydrogen s torage  tanks intended 
f o r  spacecraf t  use  were made of double-wall welded Ti-5A1-2.5Sn alloy. 
'.these tanks have th ree  connecting tubes of unalloyed titanium f o r  use i n  
f i l l i n g  and venting l iqu id  hydrogen and discharging gaseous hydrogen. 
Ti-5A1-2.5Sn f i t t i n g s  were welded t o  the  external  ends of these tubes t o  
permit attachment t o  hydrogen l ines,  
F a i l u r e  occurred during the  acceptance t e s t i n g  of these  tanks. 
A s  p a r t  of t h e  acceptance t e s t  sequence, the  t a k s  were heated t o  140 F, 
f i l l e d  wi th  l iqu id  hydrogen, held under a gas pressure o f  300 ps i ,  and shen 
evacuated, the  e n t i r e  cycle being repeated a rzumber of times, F i r s t  f a i l -  
ures were observed a f t e r  about 50 therm! cycles o r  about 250 hours exposure 
time, Later ,  f a i l u r e s  were observed i n  a s  few a s  1 t o  10 cycles with the  
tanks pressurized about 2/3 o f  the  time. 
Severe erosion and p i t t i n g  of the  tubing occurred i n  the  v i c i n i t y  
of the  welds, as shown i n  Figure 1, i n  areas exposed predominantly t o  gas- 
eous hydrogen, P i t t i n g  w a s  s o  severe a s  t o  lead t o  perforat ion sf the  tube 
w a l l  on s e v e r a l  of t h e  tanks. The p i t t i n g  was the  r e s u l t  of the  spa l l ing  
of surface  hydrides formed by react ion  between hydrogen gas and titanium. 
Bletallographic s tudy showed hydriding along a considerable port ion of the  
i n t e r i o r  su r face  of some of t h e  tubing, a s  f a r  as 7 inches from the  nearest  
weld. TIie hydride i~: t h i s  case was generally present  a s  a t h i n  continuous 
layel; as shown i n  Figure 2. No problems were encountered i n  areas of  the 
tanks exposed t o  gaseous hydrogen a t  temperatures and pressures which did 
not  exceed 150 F and 300 ps i ,  respectively. 
L g t t l e  is  known of the  react ion of hydrogen gas with titanium 
and its a l l o y s  at: moderate temperatures and pressures. I n  view of the  con- 
templated use of t i tanium and i ts a l loys  i n  l iquid  hydrogen tanks and other  
c r i t i c a l  components where exposure t o  high-pressure hydrogen gas is an t i c i -  
pated, i t  w a s  des i rab le  t o  determine the  f ac to r s  t h a t  a f fec ted  the  reac t ion  
of gaseous hydrogen with titanium and titanium al loys  and t o  determine whether 
the  f a i l u r e  of t h e  l iquid  hydrogen storage tank was an i so la ted  occurrence 
r ~ s u l t i n g  from an unusual set of circumstances o r  whether react ion between 
t i tanium and gaseous hydrogen near room temperacure is  t o  be expected under 
normal conditions. 
A number of f ac to r s  can influence the  react ion between titanium 
and hydrogen gas. These include the  puri ty and pressure of  the  hydrogen 
gas: material cha rac te r i s t i c s  such a s  surface condition, a l l o y  composition, 
and microstructure; the  react ion temperature; and the  react ion t i m e .  Each 
(1) Wil l i am,  D.N., and Mayknth, 3,J,, "Reaction of Titanium with Gaseous 
Hydrcgen a t  Ambient Temperatu-:csl', DMIC Technical Note, Defense Metals 
Information Center, Ba t t e l l e  Memorial I n s t i t u t e  (February 4, 1966). 


of t he se  f a c t o r s  was examined separa te ly  in so fa r  as possible.  Their e f f e c t s  
on t h e  r eac t ion ,  as measured e i t h e r  by the  increase  i n  hydrogen content as 
determined by a n a l y s i s  o r  t he  thickness  of sur face  hydride formed a s  deter-  
mined by metal lographic examination, were determined. Tl~e r e s u l t s  of these  
s t u d i e s  are discussed i n  t he  fol.lowing sect ions.  
Mater ia l  
Titanium and t i tan ium a l l o y  shee t  and rod were used i n  t h i s  work. 
Sheet san~ples  were used i n  a l l  t h e  work except t h a t  which inves t iga ted  t h e  
e f f e c t  of g a l l i n g  and su r f ace  contamination on the  titanium-hydrogen r eac t ion  
and i n  s t u d i e s  made t o  prevent  t h i s  reaction. To study the inf luence of 
ga l l i ng ,  rod specimens were used. 
A l l  t h e  s h e e t  mater ia l ,  and t h e  Ti-5OA rod, was obtained from 
n t a n i u m  Metals Corporation of America (TMCA), while  t h e  Ti-5AI-2.5Sn and 
Ti-6Al-4V rod were both obtained from the  Astro Meta l lurg ica l  Corporation. 
The ana lyses  of a l l  t h e  "as-received" material a r e  given i n  Table 1. The 
most important f e a t u r e s  of these  analyses  were the  hydrogen contents. These 
were checked a t  B a t t e l l e  by t h e  Vacuum Fusion method. The c e r t i f i e d  analyses  
accompanying t h e  ma te r i a l  and t h e  analyses  made at B a t t e l l e  agreed c lose ly  
except f o r  t h e  hydrogen content of t he  Ti-5A1-2.5Sn and Ti-6Al-4V rod. Re- 
peated ana lyses  at  B a t t e l l e  showed 19 + 1 and 37 i 1 ppm hydrogen f o r  t he  
Ti-5A1-2.5Sn and Ti-6A1-4V a l loys ,  respec t ive ly ,  ins tead  of t he  6 and 5 ppm 
hydrogen, r e spec t ive ly ,  given by the  producer. The hydrogen content of t he  
Ti-5A1-2.5Sn and Ti-6A1-4V a l l o y s  were taken as the  values found at Bat te l le .  
Samples were prepared i n  a v a r i e t y  of s i z e s  and hea t  t r ea t ed  con- 
d i t ions .  These s i z e s  and condit ions and s p e c i f i c  s tud ie s  f o r  which they 
were used a r e  summarized i n  Table 2. Figure 3 shows t y p i c a l  microstructures  
examined i n  t h i s  work. 
The h e a t  t reatments  were ca r r i ed  out  i n  argon-f i l led Vycor capsules 
bn t h e  following manner: 
Ti-50A (Rod and Sheet) 
(1) Annealed 112'hour a t  1750 F and slow cooled* t o  
produce a coarse a c i c u l a r  a lpha  microa;ructure. 
(2) Annealed 112 hour a t  1200 F and air  cooled t o  
produce a f ine-grained equiaxed alpha microstructure.  
(3) Annealed 112 hour a t  1750 F and water quenched t o  
produce a f i n e  ac i cu la r  a lpha s t ruc tu re .  
(4) No hea t  treatment;  samples were cold r o l l e d  53  percent. 
( 5 )  No treatment (mi l l  annealed equiaxed s t r u c t u r e )  . 
* Capsules conta in ing  the  samples were buried i n  vermicul i te  i n su la t ion  
t o  i n s u r e  slow cooling. 
TABLE 1. ANALYSES OF THE TITAMUM AND TITANIUM ALLOYS USED I N  THIS WORK 
Percent by Weight: 
A l  loy C Fe A 1 V Cr S n H 0 N 
Sheet Material 
Ti-50A 0.023 0.10 -- -- -- -- 0.003 0.11 0.012 
Ti-75A 0,025 0.15 - - -- - - -- 0.004 0,33 0.019 
Ti-5A1-2.5Sn ELI 0.023 0.12 5.2 - - - - 2.4 0.009 0.08 0.013 
Ti-6A1-4V ELI 0.023 0.12 5.9 3.9 - - -- 0.007 0.08 0.013 
B- 120-VCA 0.019 0.16 3.1 13.6 11.1 -- 0.016 0.17 0.028 
Rod Material 
Ti-50A 0.025 0.08 -- - - - - -- 0.0050 0.14 0.011 
Ti-5Al-2.5Sn 0.015 0.095 5.26 -- -- 2.69 0.0019 0.10 0.017 
Ti-6A1-4V ELI 0,015 0.088 6.08 4.11 -- - - 0.0037 0.12 0.010 
TABLE 2. SUMMARY OF MATERIAL SIZE AND MICROSTRUCTURE FOR VARIOUS EXPERIMENTS 
Purpose of Dimensions, inches 
Experiment System Pressure Material Microstructure Length Width Thickness 
Effect of surface Glass Atmospheric Ti-50A Acicular 1 to 3 3/4 0.032 
cleanliness (abrasion Ti-75A Equiaxed 
annealing, etc. ) Ti-5A1-2.5Sn Acicular 
Ti-6Al.-4V Acicular 
B-120-VCA Acicular 
Effect of cyclic stress 11 Ti -50A Acicular 
Ti-6A1-4V Acicular 
Oxidized Ti-50A Acicular 
Effect of pressure, Stainless steal Above Ti-50A Acicular 
oxide surface layer pressure cham- atmospheric Equiaxed 
and air exposure b er Cold rolled 
Ti-6A1-4V Acicular 
Effect of static 
stress 
Effect of galling 
and contamination 
Ditto Lltto Ti-5OA Acicular I-1/4 1/2 0.015 
Equiaxed 
Cold rolled 
Ti-6A1-4V Acicular 
9 0  Ti-5OA Acicular 
Ti-5A1-2.5Sn Acicular 
Ti-6A1-4V Acicular 
Effect of cyclic Standard high 11 Ti-50A 
stress pressure auto- 
clave, modified 
Effect of pressure, Stainless steel 11 Ti-50A 
temperature, and capsules 
time 
Effect of pressure Stainless steel D S  Ti-55A 
on "as-received" pressure cham- 
b er 
118-inch diameter x 
2-inches long rod 
Equiaxed 2-11/16 0.19 0.032 
Acicular 
Equiaxed 4 31 4 0.032 
Acicular (coarse) 
Acicular (fine) 
Several with weld 
bead on acicular 
Equiaxed 1-112 0.28-inch OD 
0.22-inch ID 
tubing 


(1) Shee t ,  "as-received", no t rea tment  ( m i l l  annealed equi-  
axed s t r u c t u r e )  . 
(2) Rod, annealed 1/2  hour a t  2060 F and slow cooled t o  produce 
a c o a r s e  a c i c u l a r  s t r u c t u r e .  
( 1  j Sheet ,  annealed 1 /2  hour a t  1950 F and slow cooled t o  pro- 
duce a c o a r s e  a c i c u l a r  a lpha  mic ros t ruc tu re ,  
(2) Rod, annealed 114 hour a t  1740 F and water  quenched t o  
produce a 50 percen t  equiaxed a l p h a  s t r u c t u r e  i n  a mar- 
t a n s i t i c  matr ix ,  
Some of  t h e  Ti-50A was exposed t o  a i r  f o r  va ry ing  l e n g t h s  o f  t ime 
and a t  v a r i o u s  temperatrtres t o  produce s u r f a c e  ox ide  l a y e r s  of v a r i o u s  th ick-  
nesses.  The t rea tments  used and t h e  ox ide  th icknesses  produced are shown i n  
Table  3. 
A s h o r t  l e n g t h  of Ti-55A tub ing  (7 mrn OD, 5-112 mm I D ) ,  p a r t  of 
t h e  same l o t  of m a t e r i a l  used i n  t h e  l i n e s  of a l iquid-hydrogen tank d i s -  
cussed i n  t h e  i n t r o d u c t i o n ,  was a l s o  examined. This m a t e r i a l  was supp l ied  
i n  t h e  "as-received" c o n d i t i o n  and had a n  equiaxed a lpha  mic ros t ruc tu re .  
A l l  material except  t h e  tub ing  sample was degreased w i t h  cp* 
a c e t o n e  b e f o r e  anneal ing.  A f t e r  annea l ing  and before  abrading o r  g a l l i n g ,  
t h e  samples were e tched w i t h  a s o l u t i o n  of 67 p a r t s  H20, 33 p a r t s  HN03, and 
3 p a r t s  HI?. 'Ehe tub ing  was used i n  t h e  "as-received" condi t ion.  
Hydrogen gas  was ob ta ined  from t h e  Matheson Company. Ul t rapure-  
grade hydrogen w i t h  a dewpoint of lower than  -80 F and i m p u r i t i e s  o f  <1 ppm 
02, <5 ppm N2, and <1 ppm t o t a l  hydrocarbons (as CH4) was used i n  a l l  of t h i s  
work, 
Experimental  Equipment and Technique 
Atmospheric Pressure  S t u d i e s  
A l l  of  t h e  exper imental  work a t  one atmosphere p r e s s u r e  of hydrogen 
was done i n  a Vycor r e a c t i o n  t u b e  a t t a c h e d  t o  t h e  g l a s s  vacuum system shown 
schemat ica l ly  i n  F igure  4. 
A mechanical  pump, a g l a s s  mercury d i f f u s i o n  pump, and a co ld  tra.p 
made up t h e  pumping system, P. ful l . - length ,  open-end, mercury manometer was 
connected i n  t h e  pump-,out l i n e  and was used t o  measure p ressure  change d u r i n g  
*cp - chemical ly  pure. 

To three gas reservoirs 
not w ?d in this work 
Reaction tube Oif fusion 
TO gas supply, 
bubbler,and Mechanical 
cold trap Pump 
Cold trap L 








Results  
I n  d iscuss ing  t h e  e f f e c t s  of t he  va r i ab l e s  inf luencing the  titanium- 
hydrogen reac t ion ,  t h e i r  e f f e c t s  on the  Ti-50A mater ia l  having a coaree acicu- 
lar s t r u c t u r e  are described unless  s p e c i f i c a l l y  noted otherwise, This 
mater ia l  was genera l ly  found t o  be q u i t e  r eac t ive  and formed an  e a s i l y  seea  
su r f ace  hydride.. Several methods of de t ec t ing  the  r eac t ion  were used includ- 
ing  changes i n  gas pressure,  changes i n  sample weight, t he  thickness,  loca t ion ,  
and cont inui ty  of hydride formed as determined metal lographical ly ,  and the in-  
crease i n  bulk hydrogen content  of t he  sample (which was due t o  sur face  hydride 
i n  most cases). Each of these  methods was of s p e c i a l  va lue  i n  some s t u d i e s  and 
of l imited value i n  o the r s  . 
Factors  Affect ing t h e  H y d r i d i n ~  Reaction 
Hydrogen Puri ty .  Early i n  the work, i t  was f ~ . . ~ d  t h a t  t he  p u r i t y  
of the  hydrogen had a d e f i n i t e  e f f e c t  on the  titanium-hydrogen r eac t ion  of 
vacuum annealed samples. The following combinations of hydrogen pu r r ty  and 
methods of t rapping  to,rernove impur i t ies  were used t o  check the  e f f e c t  of 
gas pu r i ty  on hydriding. 
(1) Ultrapure hydrogen, trapped with l i qu id  Nq 
(2) Ultrapure hydrogen untrapped 
(3) Conuaerci-al-grade hydrogen trapped with l i q u i d  N2 
(4) Commercial-grade hydrogen untrapped 
( 5 )  Commercial-grade hydrogen trapped with dry i c e  
( 6 )  Commercial-grade hydrogen with increased moisture content 
(7) Commercial-grade hydrogen trapped with l iqu id  ni t rogen a t  
about 113 the  flow rate (25 mllmin) of t h e  o the r  methods. 
No experimental runs were made t o  determine t h e  e f f e c t  of hydrogen pu r i ty  on 
t h e  titanium-hydrogen r eac t ion  a b ~ v e  atmospheric hydrogen pressure.  
Ultrapure hydrogen, trapped with l i q u i d  ni t rogen,  cons i s t en t ly  pro- 
duced a hydriding r eac t ion  a t  room temperature and atmospheric hydrogen pres- 
su re  providing o the r  f a c t o r s  (c leanl iness ,  sur face  abrasion,  e t ~ .  ) favored a 
react ion.  Of the  o the r  methods s tudied,  a r eac t ion  was found only wi th  
commercial-grade hydrogen trapped with l i q u i d  ni t rogen a t  a slow r a t e ,  about 
25 mllmin. 
Hydrogen gas vaporizing from l iqu id  hydrogen i s  of t he  highest  
puri ty .  It was t h i s  gas which was causing the  erosion i n  tho t i tanium tub- 
i ng  and lead t o  t h e  i n i t i a t i o n  of the  present  program. 
Commercial tank hydrogen can conta in  as high a s  600 ppm oxygen and 
2300 ppm ni t rogen  and has a -40 F dewpoint. Ultrahigh p u r i t y  hydrogen contains  
<l ppm oxygen and <fi ppm ni trogen and has a dewpoint below -80 F. A l i q u i d  
n i t rogen  cold t r a p  w i l l  remove both oxygen and moisture, but  not ni t rogen from 
t h e  hydrogen, and a dry  ice-acetone t r a p  w i l l  not remove e i t h e r  oxygen o r  
ni t rogen but  w i l l  lower t h e  dewpoint t o  -80 F. Therefore, i t  appears that: 
oxygen is  t h e  impurity i n  both grades of hydrogen which must be completely 
removed before a titanium-hydrogen r eac t ion  can be made t o  take p lace  a t  
atmospheric pressure.  
This explanat ion accdunts f o r  t h e  hydrogen r eac t ion  which occurred 
when commercial hydrogen was used and trapped a t  a very slow rate. Apparently, 
t h e  oxygen impurity which contaminated t h e  sample with i t s  presence was com- 
p l e t e l y  removed by t h e  slow flow rate through t h e  l i qu id  ni t rogen trap. 
I n  s t u d i e s  of t h e  importance of o the r  va r i ab l e s  on t h e  hydriding 
reac t ion ,  u l t r apu re  hydrogen cold trapped with l i q u i d  ni t rogen was used. It 
i s  poss ib le  t h a t  a r eac t ion  would occur wi tha less  pure hydrogen when o t h e r  
conditions a r e  e spec i a l ly  favorable--at high gas pressures  and moderate reac- 
t i o n  temperature, f o r  example--and the  present  s tud ie s  should not be in fe r r ed  
t o  show t h a t  u l t r apu re  hydrogen is e s s e n t i a l  f o r  a r eac t ion  t o  proceed. 
, I 
Pressure. The e f f e c t  of hydrogen pressure on the titanium-hydrogen 
r eac t ion  a t  o r  s l i g h t l y  above room temperature was examined a t  pressures  rang- 
ing  from 2 ps ig  t o  1000 p i g .  A hydrogen r eac t ion  took place a t  a l l  pressures  
except 2 p s ig  a s  summarized i n  Table 4. These reacted samples were abraded 
wi th  s i l i c o n  carbide paper i n  a i r  immediately p r i o r  t o  hydrogen exposure. A s  
ind ica ted  i n  a following sec t ion ,  t o  ob ta in  a r eac t ion  a t  pressures  near atmos- 
pheric  pressure,  a vacuum anneal t o  d i s so lve  r e s idua l  sur face  oxides i n  addi- 
t i o n  t o  abrasion i s  necessary. A more de t a i l ed  discussion of t h e  r eac t ion  with 
hydrogen a t  atmospheric pressure  is  found i n  t he  sec t ion  on su r f ace  condition. 
A d e f i n i t e  c o r r e l a t i o n  between hydrogen pressure and hydride thick- 
ness was found as shown by da t a  f o r  75 and 76-112 hours, and 95 and 96-hour 
hydrogen exposure i n  Table 5 and Figure 11. Below 300 ps ig  pressure,  the  
hydride layer  became discontinuous so  t h a t  no accura te  thickness  measuremect 
could be made. 
I n  general ,  p ressure  does not appear t o  be an  extremely important 
f ac to r  i n  t he  hydriding react ion.  The importance of pressure i s  q u i t e  c lo se ly  
r e l a t e d  t o  o the r  f a c t o r s ,  p a r t i c u l a r l y  t o  su r f ace  c leanl iness  where, as w i l l  
be discussed i n  a following sec t ion ,  increased pressure el iminates  t he  need 
f o r  vacuum anneal ing t o  remove r e s idua l  oxides and t o  pur i fy  t he  gas phase. 
Temperature. L i t t l e  work was done s p e c i f i c a l l y  t o  determine the  
e f f e c t  of temperature on the  reac t ion  of t i tanium and hydrogen. Most: of t h e  
experimental work was done a t  o r  s l i g h t l y  above room temperatures, 75 t o  130 F, 
and l i t t l e ,  i f  any, d i f f e r ence  i n  hydrogen absorpt ion r a t e  was noted i n  t h i s  
small  temperature range. 
TABLE 4, THE EFFECT OF PESSURE ON THE TITANIUM-HYDROGSN 
REACTION NEAR ROOM TENPERATURE 
Hydrogen Exposure Inc rease  i n  
Pressure. Time. Hydrogen 
- 
Tsmp.. F 
- psig h r  Content ,  ppm -+ a Descript ion of Hydride 
None v i s ib l e .  
Thinly hydrided i n  i s o l a t e d  areas, 
Thin discontinuous. 
Thin discontinuous. 
Thin discontinuous, 
Thin continuous. 
Thin continuous. 
A few i s o l a t e d  spots .  
Thin discontinuous. 
Heavy continuous. 
Heavy continuous . 
75-90 300 30-1/2 -- Thin continuous; some deep penetrat ion.  
I t  I t  7 2 - .. Thin discontinuous. 
II II 96-1/4 335 Thin discontinuous. 
(a) Sample was exposed t o  a i r  24 hours a f t e r  abrading and before  hydrogen exposure. 
Note: Samples were d r y  abrad,ed wi th  240-grit  s i l i c o n  carb ide  paper. 
TABLE 5. VARIATION OF 'ME SUEZFACE HYDRIJIE 
THICKM3SS WITH HYDROGEN PRESSURE 
Hydrogen Zxposure Thickness of 
Pressure, Time, Hydride, 
Temp,. F vs is hr mils 

However, one group of experimental rum was made to  dearonstrate 
the  effect  of temperature, ti-, and pressure on the titanium-hydrogen 
reaction. A s-y of the resu l t s  of t h i s  work is given i n  Table 6. 
Although tb hydorgen pressure was varied f r m  15 t o  1000 psia and time of 
exposure from 100 to  1000 hours, the hydrogen reactions apparently occurred 
i n  a random manner with no correlation observed between time and pressure. 
However, only those samples heated to 300 F reacted, no reaction occurred 
a t  75 and 170 P regardless of pressure and time exposed, The re la t ively  
snrall number of samples which showed evidence of reaction was a t t r ibuted t o  
the fact  that  the reaction vessels were evacuated to no less than 10-microns 
pressure before introduction of  hydrogen. 
Surface Condition, One of the major factors i n  determining 
whether a reaction w i l l  occur between titanium and hydrogen is  the clean- 
l iness  of the titanium surface, In  these studies, ipapediately a f t e r  abra- 
s ion of the titanium surface, an oxide film began to  form. It was d i f f i cu l t  
t o  prevent t h i s  formation because a f t e r  the sample was abraded, a short  t i n e  
in terval  elapsed before it w a s  sealed in to  the reactfon system and evacuated. 
This film was a c r i t i c a l  factor i n  preventing the t i taniur~hydrogen reaction 
a t  atmospheric hydrogen pressures and near room temperature. 
It was found that a 2-hour vacuum anneal at 1500 F apparently dis- 
solved th i s  oxide fi lm and activated the surface s o  tha t  a reaction occurred 
about half the t i n e .  
Table 7 presents a slmmary of a number of titanium-hydrogen acperi- 
mental runs made at o r  s l i gh t ly  above room teaaperatures and a t  hydrogen pres- 
sures from atmospheric t o  1000 psig, Various dry abrasion, r insing ( in  cp 
acetone md  d i s t i l l ed  w a t e r ) ,  and vacuum annealing combinations were used to  
e f fec t  a clean surface and thus induce a hydrogen reaction. 
It can be seen from these data that  at hydrogen pressures up t o  
20 psig, vacuum annealing was necessary for  a hydrogen reaction to take 
place, However, reaction was not always observed a f t e r  t h i s  surface t reat -  
ment, For 100 percent reaction, i n  addition to the abrading, rinsing, and 
annealing, a titanium f o i l  get ter  had t o  be vacuum annealed with the sample. 
A def in i te  correlatic... between the amount of titanium f o i l  included 
i n  the reaction vessel  and both the hydrogen absorbed by the sample and the 
thickness of the hydride layer produced was observed. These correlations 
are given i n  Table 8,' The effect  of o w  run using nickel f o i l  is also shorn. 
It did not appear t o  be as effect ive  a get ter  as titanium foi l .  Apparehtly 
the f o i l  gettered any i apur i t i es  dislodged from the glass, thus i q rov ing  
the vacuum, and a l so  gettered any impurity from the hydrogen gas which m y  
not have been removed by the cold t rap (see the section on Hydmgen Purity), 
The data i n  Table 7 a lso show tha t  abrading, rinsing, and vacuum 
annealing, with or  without f o i l ,  w i l l  produce a titanium-hydrogen reaction 
a t  hydrogen pressures above 20 psig. However, a t  the higher pressures, 
vacuum annealing was not an essential  part of the surface cleaning proce- 
dure, Only abrasion was required. 
TABLE 6. SIBWIRY OF TBE OF E)[PERIMENTS TO 
SEOU TEE EFFECT W TEMPERATURE, PRESSURE, 
AND TIME ON = TITANIUM-EYDROCEN REACTION 
Number of S q l e s  Reac i 
Tenperatme, Time, at Indicated Pressure t a p  
P hours 1000 psin 300 psin 15 ~ s i g  
(a) Three samples were exposed in each test. 
MBLE 7. THE EFFECTS OF SURFACE CONDITION ON TIEe REACTION 
OF TITANIW ANI) HYDROGEN NEAR ROOPl m T U R E  
No. of Samples 
No, of Samples Which Reacted Percent of  
Sample T'reatPent Treated with Hydrogen Samples Reacting 
Atmospheric t o  20 psig H7 R e s s u r e  
Abraded, r insed 6 0 0 
Abraded, r insed,  and 5 
vacuum annealed 
Abraded, r insed,  and 11 
Warn a ~ m l e d  with 
w f o i l  
Abraded, rinsed, and 2 
vacuum annealed with 
101 f o i l  
Pressure of 20 ps ig  and Greater 
Rinsed only 5 ,(a) 20 
Abraded, r insed 24 24 100 
Abraded, r insed,  a d  ,(a) 
vacuum annealed 
Abraded, rinsed, and 2 
vacuum annealed with 
n f o i l  
(a) One sample was aanealed 13 hours a t  1000 F. 
(b) This was  the  sample of tubing. 
Note: A l l  saolples were abraded with dry 240-grit s i l i c o n  carbide 
paper a d  rinsed i n  cp acetone o r  d i s t i l l e d  water. A ~ e a l i n g  
was done f o r  2 hours a t  1500 F i n  vacuum. F o i l  was 2-mil Ti-6%. 
TABLE 8. lIIE EFFECT OF SURFACE AREA OF TITANIUM FOIL 
ON THE MGNITUDE OF THE TITANIUM-HYDROGEN 
REACTION Ah?) ON THE HYDRIDE THICKNESS 
Area of Sample Hydrogen Absorbed Average Thickness 
Plus F il, S in 1 -Hour, of Titanium in ml Hydride, mils 
6 0 None formed 
2 (a) Surface area of samples was 6 in . 
(b) Nickel foil used. 
- (c) Absorbed in 1-1/2 hours. 
Table 9 presents a port ion of the  da ta  i n  Table 7 i n  more de ta i l .  
It shows the  r e s u l t s  of severa l  attempts a t  hydriding titanium a t  high 
pressures with no abrasion of the  surface,  only degreasing o r  rinsing. No 
hydride was found on four of the  samples. A f i f t h ,  which had been oxidized 
p r io r  t o  hydrogen exposure, showed s l i g h t  hydriding on one end. This prc- 
bably resulted from a scra tch  i n  the  oxide coating which exposed a clean 
titanium surface. 
The e f f e c t  of the  oxide f i lm always present when titanium is  
exposed t o  air is shown i n  Table 10 and Figure 12. A s  l i t t l e  as one min- 
u t e  exposure t o  a i r  a f t e r  vacuum annealing is  s u f f i c i e n t  time t o  prevent a 
hydriding react ion  from occurring a t  atmospheric hydrogen pressure near 
room temperature. A t  300 psig  hydrogen pressure, a 1-112 hour exposure 
in te rva l  t o  a i r  resul ted i n  a decrease of 33 ppm i n  hydrogen pick-up (54 
t o  21 ppm) of the titanium sample. 
Stress. It' was considered possible t h a t  during s t r e s s i n g  the  
t h i n  oxide layer  always present on titanium samples would be cracked. I f  
so, s t r e s s ing  i n  a hydrogen a-sphere would expose a clean surface f o r  
a t t ack  by the hydrogen and the  hydriding react ion would occur without any 
p r i o r  surface treatment.  heref fore, the  +kFects of stress, both cyc l i c  
and s t a t i c  on the  titanium-hydrclgen react lrr l ,  were examined, Table 11 
sunmmrizes t h i s  work and shows c lea r ly  tha t  s t r e s s  had l i t t le,  if any, 
e f f e c t  i n  i n i t i a t i n g  a titanium-tiyarogen reaction. Only one of 37 sam- 
ples, a Ti-6A1-4V a l loy ,  reacted. The appearance of t h i s  sample is shown 
i n  Figure 13. 
m n t y - s i x  experimental runs were made a t  atmospheric hydrogen 
pressure and from 80 t o  250 F i n  the  clean glasa system where the  samples 
were bent from maximum tension through ~~aximum compression once a minute. 
F i f teen  of these were used t o  determine i f  cycl ic  s t r a i n  accelerated the  
hydriding reaction. These tests a r e  presented i n  more d e t a i l  i n  Table 12. 
Except i n  o m  case, cycl ic  s t r a i n  did not appear t o  cause a react ion  i n  
samples not vacuum annealed p r io r  t o  s tressing,  As discussed e a r l i e r ,  
vacuum annealing w i l l  cause a react ion t o  proceed without the  presence 
of s t ra in .  Even though severa l  samples broke from f a t i g u g t h u s  crea t ing  
f re sh  f rac tu re  surfaces, only the  sample shown i n  Figure 13 indicated any 
evidence of reaction. 
After  hydriding had been i n i t i a t e d ,  the  s t r e s s ing  apparently 
aided the  hydriding react ion by causing spa l l ing  t o  occur, thus exposing 
more clean surface  fo r  a t t ack  by the  hydrogen. The p i t t i n g  a t t ack  shown 
here is similar t o  t h a t  observed on the  l iquid hydrogen storage tank gas 
del ivery tube and suggests tha t  the  temperature cycle imposed on the  tank 
was a fac tor  i n  the f a i l u r e  process. 
Eleven of the  twenty-six samples s t ressed  i n  one atmosphere of 
hydrogen had been del ibera te ly  exposed t o  a i r  f o r  va-~ying periods of t i m e  
and temperature t o  produce oxide layers of varying ihickness. It was 
thought t h a t  s t r e s s ing  would more readi ly  crack a th icker  oxide layer. 
The r e s u l t s  of these s tudies  a r e  presented i n  more d e t a i l  i n  Table 13. 
The sanples having the thicker oxide layers,  75 t o  149 microinches, showed 
TABLE 9. THE REACTION (F HYDROGEN WITH UNABRADEI) TITANIUM 
SAMPLES AT GREATER TIIAN AlMDSPtIERIC PRESSURE 
Hydrogen Exposure Increase i n  
Pressure, Time, Hydrogen 
Tw.. F p s i g  h r  Content. pm f 1 Description of Results 
75 lo00 6-1/3 Om No hydride found. 
99 lo00 6 5 M t t o  
99 300 2-1/3 -- Thinly hydrided under oxide 
coating on one end(a). 
(a) Sample had been oxidized 36 hours at 1150 F i n  a i r  before exposure t o  
hydrogen. (Mde thickness, 57 microinches. 
TAEeE 10. TBE EFFECT OF TITANIUM SURFACE EXPOSURE TO AIR ,  AFTER 
ABRASION AND BEFORE HYDROGEN ADDITION, ON THE TITANIUM- 
EYDRCGEN REACTION AT NEAR ROOM TEMPERATURE 
Sample Treatment Time i n  A i r  Description of Hydride 
Atmospheric Hydrogen Pressure 
Abraded, r insed ,  1 None formed. 
and vacuum 
annealed wi th  
T i  f o i l  
300 ps ig  Hydrogen Fkessure 
Abraded, r i n sed  5 min Thin discontinuous hydride layer .  
D i t to  15 min Thin discontinuous hydride layer. 
"(b) 15 min Thin discontinuous hydride layer. Increase  
i n  hydrogen content  54 f 1 ppm. 
Abraded, r i n sed  1 h r  Thin hydride i n  i s o l a t e d  areas.  
D i t to  1-3/4 h r  Numerous small  hydride areas. Increase  i n  
hydrogen content  21  + 1 ppm. 
Abraded, r i n sed  2 h r  Thin hydride i n  i so l a t ed  areas .  Less than 
1-hour sample. 
M t t o  4 hr I so l a t ed  spo t s  of hydride. Less than 
2-hour sample. 
I 8  24 h r  A few very small  i r r e g u l a r  spo t s  of hydride. 
Increase  i n  hydrogen content 21 f 1 ppm. 
4 b )  128 h r  No hydride found. 
(a) Exposed t o  a i r  1 minute a f t e r  vacuum annealing. 
(b) Sample was 118-inch diameter x 2-inch cylinder.  A l l  o the r s  were shee t ,  
2 inches x 112 inch  x 15 mil. 
Note: Abrasion w a s  produced by dry  240-grit s i l i c o n  carb ide  paper; 
cp acetone was used f o r  r insing.  

TABU 11. THE EFFECT OF STRESS ON THE 
TITANIUM-HYDROGEN REACTION 
Number of Number of Percent of 
Samples Treated Samples Reacted Samples Reacted 
Cyclic, at 300 F and 300 psig Hydrogen Pressure 
Cyclic, at 80 to 250 F and 
Atmospheric Hydrogen Pressure 
Static, at 99 F and 300 psig Hydrogen Pressure 
3 0 0 
Static, at 300 F and 300 psig Hydrogen Pressure 
5 0 0 
(a) Three samples included in this summary were 
Ti-6AL-4V, one of which was the only stressed 
sample to react. 
3 X  Unetched 433106 
FIGURE 13. A C I C U R  Ti-6A1-4V SHOWIN" ; ZSULT OF HYDRIDING 
UNDER STRESS FOR 138 HOURS AT 80 F 
P i t t ing  occurred as a re su l t  of s ; . l l i n g  of 
hydride. 
Note: Smooth holes  at one end were used t o  
secure sample i n  holder. 
TABLE 12. THE EFFECT OF CYCLIC STRAIN ON THE 
TITANIUPI-HYDROGEN REACltION AT 8 0  TO 
250 F AND ATMOSPHERIC HYDROGEN PRESSURE 
Maximum Sample 
No. of Outer Fiber Tes t  Vacuum Hydriding 
Samples Strain,  percent Temp., F Annealed Observed 
Acicular  Ti-50A 
1 0.3 8 0  Yes Yes 
Acicular  Ti-6Al-4V 
80 No Yes (on one 
sample only)  
(a) Sample $irst stressed 89 hours at  8 0  F, then an  addi t iona l  
27 I~ours at 17Gj F. 
TABLE 13. THE EFFECT OF OXIDE FILM THICKNESS ON THE 
HYDRIDING OF CYCLIC STRESSED TITANIUM SAMPLES 
AT ATMOSPHERIC HYDROGEN PRESSURE 
Maximum Outer 
Oxide Film Fiber Strain, Test Hydriding 
Thickness, pin. percent Temp., F Observed 
Acicular Ti-SOA 
Equiaxed Ti-SOA 
(a) Samples s tressed  f o r  varving times at 80  F before 
increasing temperature t o  140 F. 
a d e f i n i t e  cracking of the  gray-white outer  layer under the  e f sec t  of s t r a i n  
but no rupture of the inner bronze-colored oxide layer was noted. The outer 
layer did not crack on layers less than 35 microinches i n  thickness. No 
hydriding occurred with any sanple. 
Cyclic o r  s t a t i c  stress a t  300 F i n  300 psig of hydrogen i n i t i a t e d  
no hydriding react ion i n  t h e  e igh t  samples treated. The test conditions f a  
s tud ies  are shown i n  Table 14. I n  view of what has been discussed concern- 
ing  the  necessi ty f o r  a clean surface before a hydriding react ion could be 
i n i t i a t e d  (see sec t ion  on surface condition), the  f a i l u r e  of t h i s  series t o  
r eac t  can eas i ly  be explained. A 1/20 t o  3/4-hour t i m e  in te rva l  i n  air a f t e r  
abrading and before evacuation w a s  necessary t o  secure the  sample i n  its 
holder, seal the  autoclave,and a t t ach  the assembly t o  the vacuum line. The 
bes t  vacuum obtainable i n  the system was  only 2 t o  4 microns of mercury so  
t h a t  the  res idual  contamination before the introduction of hydrogen was 
greater  than t h a t  used t o  study the e f f e c t s  of pressure. This f ac to r  plus 
t h e  oxide f i lm formed during the  exposure t o  air a f t e r  abrading apparently 
prohibited the reaction. 
A s  shown i n  Table 11 and i n  more d e t a i l  i n  Table 15, no hydrogen 
reaction occurred i n  the  s t a t i c a l l y  s t ressed samples tha t  were exposed t o  
300 psig hydrogen pressure at near room temperature without abrasion before 
exposure. Those t h a t  had been abraded before exposure to  hydrogen shawed 
the  usual t h i n  discontinuous hydride layer, However, t h i s  hydride was not 
concentrated i n  t h e  s t ressed area  but r a the r  near the  ends of the  samples at  
locations t h a t  may have been galled during pre-bending. A hydrided area is 
shown i n  Figure 14. As w i l l  be discussed later, t h i s  is a t t r i b u t e d  t o  the  
e f f e c t s  of ga l l ing  on the  reaction. 
I n  general, r e a c t i v i t y  of the  t i t a n i u a  with hydrogen under stress 
sl~owed no increase under conditions &en react ion norrnally occurred, nor 
was r e a c t i v i t y  induced under conditions which did  not lead t o  react ion i n  
unstressed samples. 
Galling. Galling, as the term is used i n  t h i s  work, r e f e r s  t o  
t h e  rubbing o r  scratching 02 the  titanium sample with ~nofiher meta l l ic  
substance o r  with a second sample of titanium, The term abrasion is used 
t o  describe the  cleaning o r  roughening of the  surface  of the  sample with 
a n  abrasive paper. 
An in tens ive  study w a s  made of the  e f f e c t  of gal l ing  on the 
titanium-hydrogen react ion a t  300 psig pressure of hydrogen near room 
temperature. Data w e r e  a l s o  obtained a t  atmospheric hydrogen pressure and 
at temperatures up t o  300 F. The r e s u l t s  of these invest igat ions are sum- 
marized i n  Table 16. It i s  apparent from these data  tha t  a l l  the  metal l ic  
substances used as ga l l ing  material  caused a titanium-hydrogen reaction to 
occur at some t i m e ,  depending on surface treatment before and a f t e r  ga l l -  
ing  and the  hydrogen pressure. It was necessary tc vacuum anneal the  sam- 
p l e  a f t e r  ga l l ing  t o  produce a hydriding react ion at  atmospheric pressure, 
but react ion occurred predominantly at the  galled region. N- f o i l  g e t t e r  
TABLE 14, SUMMARY OF DATA ON STRESSED (CYCLIC AND STATIC) 
TITANIUM SAMPLES AT 300 F I N  300 PSIG HYDROGEN 
Permanent 
Time, St ress  (a) Elongation in Hydriding 
h r  p s i  l", percent Observed Remarks 
6 21,600 0.0 No Held under constant load. 
6 32,400 2.0 No Held under constant load. 
6 980 2.3 No Cycled every 15 minutes between 
32,400 t h e  low and high stress. 
0.0 No Oxidized 45 minutes a t  1300 F 
i n  a i r  before test. 
6 32,400 t o  <3.0 No Same sample as above te 
38,300 progressively increased 
greased only; analys is  a f t e r  run, 
55 ppln hydrogen. 
6 39,000(~) 4.0 No Sample abraded and evacuated 
overnight. 
29 39, O O O ( ~ )  6.5 No Sample abraded and evacuated 
1 hour. 
46 380 11.0 No Cycled every 15 minutes between 
32,400 l o w  and hibh stress. 
(a) These samples were heat  t reated t o  produce a coarse, ac icular  s tructure.  
A l l  others had an equiaxed structure.  
(b) Stress  on t h i s  sarl j~le was successively 32,400 p s i  for  2.5 hours; 35,200 
p s i  fo r  3.2 hours; and 38,300 p s i  f o r  0.3 hour. 
TABLE 15. THE EFFECT OF STATIC STRESS ON THE TITANIUM- 
HYDROGEN REACTTON AT 300 PSIG HYDROGEN 
PRESSUKE, NEAR ROOH TEMPERATURE 
Abraded Before 
Pressure 
Exposure St ructure  Description of Hydride 
No Acicular No hydride found, 
No Cold ro l l ed  No hydride found. 
No Eqriiaxed No hydride found. 
Yes Acicular Thin discontinuous hydride layer, 
riot: concentrated i n  s t r a i n  area, 
Y e s  Cold ro l led  Scattered spots  of hydride, not con- 
centrated i n  s t r a i n  area, More 
appear to  be near ends of sample. 
Yes  Equiaxed More hydride than i n  cold ro l l ed  
sample, but not concentrated i n  
s t r a i n  area. More appear t o  be 
near ends. 

WBLE 16. THE EFFECT OF GALLING OF A CLEAN TITANIUM 
SURFACE ON THE TITANIUM-HYDROGEN REACTION 
Pre-galli  ng Sample Gall ing No. of Samples No. of Samples PeAScent of Samples 
Treatment Mater ia l  Treated Reacted Reacted 
Room Temperature, Atmospheric Pressure 
Abraded, r insed ,  Fe 5 
gal led,  vacuum N i  2 
annealed S t e e l  1 
Di t to  T i  1 
I1 Wire brush 1 
Abraded, r insed,  Fe 2 2 
ga l led ,  vacuum 
annealed with T i  
f o i l  - 
- 
Tota l  12 6 
300 F, Atmospheric Pressure 
Abraded, r insed,  Ni 2 2 
gal led,  vacuum Fe 1 0 
annealed S t e e l  1 0 
Di t to  Wire brush - 1 - 0 
Tota l  5 2 
Room Temperature, 300 ps ig  Hydrogen 
Etched, gal led,  Ti-50 11 8 
r insed  
Dit to  H-11 14 10 
I I 304 SS 2 1 
( I  C-3 t o o l  2 
S l  
1 
Fe 4 4 
I I  None 
Tota l  
Etched, galled, Fe 1 
annealed 
Di t to  F i l e  1 
Degreased and Fe 2 
gal led only N i  1 
Di t to  Wire brush 1 
Etched, gal led Fe 2 1 
Dit to Ni 2 0 
I t  Wire brush - 1 - 0 
Tota l  11 3 
was used during most of these  t e s t s .  Reaction a t  atmosphere pressure was 
more frequent ly observed i n  t e s t s  a t  room temperature than i n  t e s t s  a t  300 F. 
This is  a t t r i b u t e d  t o  t h e  small  amount of contamination coming from the  g l a s s  
system during heatlng. A t  300 ps ig ,  t he  titanium-hydrogen r eac t ion  occurred 
wi th  only g a l l i n g  of t h e  ma te r i a l ,  preceded by a l i g h t  KNO YF cleaning etch.  3- ' I n  t h i s  case,  a l s o ,  r eac t ion  w a s  more frequent ly observed a t  room temperature 
than a t  300 F. Outgassing of t h e  furnace un i t  enclosed i n  the  reac t ion  ves- 
s e l  was suspected. 
The exposure of t he  ga l led  samples t o  air before t he  300 ps ig  
hydrogen exposwe r e su l t ed  i n  a decrease i n  hydrogen r eac t ion  i n  the  same 
manner a s  t h a t  f o r  t he  abraded samples. After  about 3 t o  5 days i i l  air 
following g a l l i n g  and before exposure t o  hydrogen, no r eac t ion  occurred i n  
t h e  laboratory s tudies .  
A s  discussed i n  t h e  in t roduct ion ,  i t  was observed t h a t  t he re  was 
a considerable amount of hydride formation on the  i n s i d e  sur face  of t he  
unalloyed tubing i n  t he  s to rage  tanks which fa i led .  This is shown i n  
Figure 2. Gal l ing of t he  i n s i d e  of t he  tube by the  nlandrel over which i t  
was fabr ica ted  w a s  considered a l i k e l y  explanat ion f o r  t h i s  hydride film. 
Del iberate  gallgng of t he  i n s i d e  sur face  of another length of the  same 
tubing wi th  a s t e e l  rod before  hydrogen exposure r e su l t ed  i n  g r e a t l y  in- 
creased hydriding r eac t ion  as compared t o  t hh t  observed i n  t he  "as-received1' 
tube as shown i n  Figure 15. Ii: a l s o  appears t h a t  t h e  wi re  brushing of weld 
a reas  which was done before welding t h e  connection f i t t i n g s  t o  t he  tube i n  
t he  manufacture of t h e  tanks might he lp  explain t h e  tendency f o r  hydriding 
i n  these regions i n  t h e  tanks. 
A f u r t h e r  subs t an t i a t i on  of t he  g a l l i n g  explanation f o r  t h e  i n i t i a -  
t i o n  of t he  hydriding r eac t ion  i n  t i t an ium came from the  bending of samples 
f o r  the  s t a t i c  s t r e s s  experiments. (Refer t o  t he  sec t ion  on stress.) In- 
s tead  of t he  concentrat ion of t he  hydriding i n  the  bent  o r  s t r e s sed  region, 
it occurred i n  t h e  a r e a w h i c h  were most l i k e l y  gal led during t h e  pre-bending 
operation. 
I n  an at tempt  t o  determine i f  contact  of i r o n  o r  n icke l  with no 
i n t e n t i o n a l  g a l l i n g  on the  su r f ace  of t h e  t i tanium wo-ld i n i t i a t e  a titanium- 
hydrogen r eac t ion ,  seven experimental runs were made, four with i r o n  wire  and 
th ree  with n icke l  ribbon i n  contact  wi th  the titanium. Test  samples were 
wrapped wi th  i r o n  o r  nickel .  The wrapping mater ia l  w a s  then f l a t t ened  on 
t h e  sur face  of t h e  t e s t  sample wi th  a hammer. Test  r e s u l t s  a r e  shown i n  
Table 17. One sample bour'd wi th  i r o n  wire  reacted s l i g h t l y  while  two of 
those bound with n icke l  ribbon reacted,  one extensively. The appearance 
of t h i s  l a s t  sample i s  shown i n  Figure 16. The r eac t ion  tended t o  occur 
where the  n i cke l  ribbon was i n  contact  with the  titanium. Stnce scmo, ga l l -  
i ng  of t he  citanium re su l t ed  from the  hammering of the  i r o n  and n icke l  i n t o  
contact  wi th  t h e  sample, t h l s  may have pi-oduced the  r eac t ion  r a t h e r  than 
simple contact  w i t h  the  vrapp,ng mater ia l s ,  
';n near ly  every case,  samples which had been ga l led  reacted only 
i n  o r  a long  the  ga l l ed  l i n e  o r  scxatch, Even those samples which were 
abraded before g a l l i n g  and vacuum annealcsd a f t e r  g a l l i n g  ( f o r  atmospheric 
hydrogen e:posure) hydrided predominanrly i n  the ga l lcd  areas.  Typical 
hydride £om d under gal led areas and under s i l i con-carb ide  abraded areas  
i s  i l l u s t r a t e d  i n  Figure 17, 




The e f f e c t  of three  methods 02 gall icg,  transverse reciprocating, 
longitudinal  reciprocating, and by ro ta t iona l  ga l l ing  on a lathe,  on the  
reac t ion  between hydrogen and titanium at 300 ps ig  pressure is summarized 
i n  Table 18. Figure 18 i l l u s t r a t e t  t h e  transverse and longitudinal gelling 
procedures, while t h e  l a the  ga l l ing  method is described i n  the sec t ion t,n 
experimental equipment and technique. It is apparent from Table 18 t h a t  a 
s l i g h t  increase  i n  hydrogen reaction r e s u l t s  when the  sample is galled 
t r a n s u ~ x s e l y  compared t o  a longitudinally galled sample. The quanti ty of 
hydride formed on a lathe-galled sample lies about midway between t h a t  of 
t ransverse and longitudinally galled ones. This difference i n  absorption 
with technique used is considerably l a rge r  when the sample is contaminated 
with o i l  during galling. (Refer t o  Tables 18 and 19 and t o  the  sec t ion on 
contaminants. ) 
Studies of wear of metals i n  s l i d i n g  contact have shown t h a t  trans- 
f e r  of metal  tends t o  occur from the  member having the  l a rge r  area of contact 
t o  t h a t  h a d n g  t h e  smaller, Metal t r ans fe r  was, therefore, from the  titanium 
sample t o  t h e  material i n  the  s ta t ionary  too l  holder of the  lathe,  o r  t o  t h e  
t ransverse  ga l l ed  sample and away from the  longitudinal gal led sample, A s  
shown i n  Table 18, t h e  d i rec t ion  of metal t r ans fe r  appears t o  have some e f f e c t  
on t h e  hydriding reac4' ,ion, 
I n  these  s tudies ,  t ransverse and longitudinal  ga l l ing  operations 
were done by hand, and t h e  load applied could not be accurately maintained 
on each sample, From the  l a t h e  ga l l ing  data  i n  Tabla 18, it is apparent 
t h a t  the g a l l i n g  load a f f e c t s  the  amount of hydrogen reaction. It was de- 
cided a f t e r  this series of experimental runs t h a t  there  was l i t t l e  t o  gain 
by hand gal l ing ,  e i t h e r  t ransversely o r  longitudinally, over t h a t  by t h e  
lathe. I n  the latse operation, t h e  sample was galled evenly end t o  end 
with t h e  same load and i n  t h e  same t i m e  period, and the  resu l t an t  ga l l ing  
could not  b e  inlluenced by t h e  operator. 
Contamination. Ti-SOA samples were galled with a number of mate- 
rials a f t e r  contamination the  surface with oi l .  Iron, nickel,  K-11 s t e e l ,  
304 stainless steel, C-3 too l  b i t ,  and titanium were chosen as ga l l ing  
mater ia ls  as they are comonly found i n  i n d u s t r i a l  use and are qu i re  l i k e l y  
t o  come i n  contact  with the  titanium while contaminated with o i l  during pro- 
cessing, An indicat ion of t h e  amourit of hydrfde formed on the  t i tanium a s  
af fec ted  by o i l  contamination is given i n  Table 19. Samples galled o r  
abraded i n  a similar manner and exposed t o  air f o r  about t h e  same length 
of t i m e  a f t e r  g a l l i n g  o r  abrading before hydrogen exposure showed l i t t le 
di f ference  i n  hydrogen absorption resu l t ing  from the  material  used i n  gal l -  
ing, Contamination of the  samples with o i l  before gal l ing  resul ted  i n  con- 
s i d e ~ a b l y  more react ion than w a s  observed with samples which were not s o  
treated,  
I n  Table 19, samples must be compared which have had periods i n  
a fx  of near ly  equal length a f t e r  ga l l ing  o r  abrasion and before hydrogen 
exposure, This is necessitated by the  dependence of tk quanti ty of hydro- 
gen absorbed on t h e  length of pre-exposure t o  air. 
TABLE 18. HYDROGm ABSORPTION AT 300 PSIG 
AS A FUNCTION OF GALLING TECHNIQUE 
Increase in  
Galling Galling Hydrogen 
Material Direction Content. ppm f 1 
H - l l  Transverse 
II 
18 
It  8 
II I1 6 
-
Average 11 
I1 0 
-
Average 4 
H-11 Lathe 11 
II II 5 
-
Average 8 
Oiled Transverse 147 
H-11 Longitudinal 73 
Oiled In lathe, 97 
Ti-50 32-02, load 
Ditto In lathe, 37 
8-02, load 
Extensive movement along 
this path 
Galling material (Ti or H-ll 
a. Transverse galling 
Extensive movement along this 
path plus slow rotation of 
galling rod 
Galling material (Ti or H-Ill 
b. Longitudinal galling 
FIGURE 18. TWO PROCEDURES USED TO GALL TIT4NIUM SAMPLES 
TABLE: 19. EEFECT OF GALLING MATERIAL, BOTH CLEAN AND OILY, ON THE HJ7DRIDING 
REACTION OF TITANIWI SAMPLES AT 300 PSIG AND NEAR ROOM 13ZBfPERATURE 
Time 5.n A i r  After  Increase i n  
Gall ing o r  Galling o r  Abrasion Hydrogen 
Method of Gall ing Abrasive and Before Content, 
or Abrasion Material Contaminant Hydrogen Exposure ppm + 1 
Transverse Ti-50 O i l  N 95 min, 77 
rubbing H-11 steel 18 11 87 
Ti-50 11 -- 73 hr, 
H-11 steel I 1  11 
S i c  paper 11 11 
Ti-50 None -- 20 hr. 
H-11 steel 11 11 
Ti-50 11 128 hr. 
H-11 steel 11 11 
Galled i n  la the ,  Ti-50 
8-02, load H-11 steel 
Dit to S i c  paper 
O i l  
11 
Ti-50 None N 2 hr. 
H-11 steel II 11 
304 SS I 1  I t  
C-3 t o o l  material  11 11 
S i c  paper 11 11 
Galled i n  la the ,  Ti-50 O i  1 - 1 t o  4-1/2 hr. 
11 I t  
97 
32-oz, load H-11 steel 
11 11 
64 
Ditto 
I 1  
304 SS 
11 11 
64 
C-3 t o o l  material  
11 11 I t  
f 30 
SIC paper 64 
It has been shown t h a t  a contaminated surface aided the  titanium- 
hydrogen react ion  of gal led o r  abraded samples a t  300 ps ig  hydrogen pressure. 
The e f f e c t s  of a number of contaminants on hydriding were examined including 
o i l ,  graphite, Fe203 powder, NaC1,  MoS2 i. graphite, S ic  powder, Al,Og cloth,  
d i r t  from a concrete f loor ,  and natura l  o i l s  from the  fingers. A Feaction 
with hydrogen took place with the  use of every contaminant provided t h a t  the  
surface  was gal led  o r  abraded while i n  contact with the  contaminant. An 
o i l ed  o r  graphi te  impregr'ated surface  fa i l ed  t o  r eac t  with hydrogen when not 
gal led o r  abraded. When comparison was possible, those samples contaminated 
with o i l  during ga l l ing  showed an increase i n  hydrogen absorption over those 
gal led under clean conditions as shown i n  Table 20. 
Exposure of samples, gal led i n  the  presence of a contaninant, t o  
air a f t e r  g a l l i n g  tended t o  r e t a r d  the  hydriding react ion a t  300 psig i n  
somewhat the  same way as air exposure retarded hydriding of samples abraded 
i n  a clean condition. This is  shown i n  the  following tabulat ion f o r  o i l ed  
samples : 
Increase i n  
Time i n  A i r  Hydrogen Content, 
Af ter  Gall ing ppm + 1 
87 min. 52 
143 min. 42 
148 hr. 10 
As shown above, an  increase i n  hydrogen content of 10 ppm was measured when 
o i l y  gal led samples were exposed t o  hydrogen a t  300 psig a f t e r  almost one 
week i n  a i r .  It should be reca l led  t h a t  hydriding i n  hydrogen a t  one a t -  
mosphere pressure can be completely prevented by a one-minute a i r  exposure 
of  vacuum annealed titanium, and i n  hydrogen exposure a t  300 psig, by a 
period between one and f i v e  days air exposure. Af ter  gal l ing,  a l i g h t  
r i n s e  with cp acetone was used t o  eliminate gross o j l  residues. A t h i n  
f i l m  of o i l  always remained on each sample, however. Apparently, t h i s  
t h i n  o i l y  f i lm a c t s  as a protec t ive  f i l m  over the  gal led o r  abraded sur- 
faces, thus tending t o  prevent the  oxidation of the  sample by a i r .  The 
oxide layer  which normally forms rapidly  a f t e r  abrasion o r  ga l l ing  and i n  
time prevents a hydrogen react ion  is thus eliminated or slowed i n  formation 
allowing hydriding t o  take place. 
A maxitzum of one week exposure i n  a i r  a f t e r  ga l l ing  i n  the  pre- 
sence of o i l  and hydrogen exposure was invest igated i n  t h i s  work. It i s  
believed t h a t  contaminated titanium surfaces may r e t a i n  the  a b i l i t y  t o  
r eac t  with hydrogen t o  at l e a s t  some extent  f o r  much longer periods of 
time especia l ly  i f  the contaminated surface  is one which i s  d i f f i c u l t  t o  
clean. This appears t o  be the  case with the  tubing on the  storage Lank 
described i n  the  Introduction where hydriding was found on the  ins ide  sur-  
faces of the  tubing. It was not known how long t h i s  tubing had been exposed 
t o  a i r  a f t e r  fabr ica t ion  and probable ga l l ing  i n  the  tube drawing process 
before hydrogen exposure. However, reac t ion  was observed i n  samples of t h i s  
tubi-ng exposed t o  hydrogen a t  300 ps ig  a f t e r  several  montr .' exposure t o  a i r  
i n  the  laboratory. 
TAELE 20. A COPSPARISOM OF HYDROGEN ABSORPTION OF 
CLEAN GALLED OR ABRADED TITANIUM SAMPLES 
AND THOSE CONTAMINATED WITH OILY MATERIAL 
DURING GALLING AND ABRADING 
Increase  i n  
Ga l l i ng  o r  Hydrogen Content, 
Abrasion Material Contamination ppm + 1 
None 
O i l  
None 
O i l  
I 1  None 11 
II Fingerpr in ts  84 
A1203 paper 
11 
None 
O i  1 
SIC paper None 
II O i l  
(a) This o i l e d  sample was exposed t o  a i r  73 hours 
after g a l l i n g  while  t h e  clean sample was ex- 
posed t o  air  f o r  only 20 hours. A l l  o the r  
comparisons a r e  based on samples having s i m i -  
lar air exposure time a f t e r  ga l l ing ,  about 
1/2 t o  2 hours. 
Material Composition. The r eac t ion  between unalloyed t i tanium 
(Ti-5OA) and hydrogen has been descxibed i n  previous sec t ions  of t h i s  
report .  I n  addi t ion ,  s eve ra l  t i tanium a l l o y s  were exposed t o  hydrogen i n  
order  t o  determine i f  a l l o y  composition a f f ec t ed  t h e  react ion.  These in -  
cluded Ti-75A (a higher  i n t e r s t i t i a :  grade of unalloyed t i tanium),  Ti-5A1- 
2,5Sn, Ti-6A1-4V, and Ti-13V-11Cr-3A1. A length  of unalloyed t i tanium 
tubing from t h e  l o t  used t o  f a b r i c a t e  t he  tank described i n  t h e  In t roduct ion  
was a l s o  examined. 
Hydrogen d i f fus ion  i s  considerably w r e  rapid i n  be t a  than i n  
alpha titanium. Consequently, i n  the  hydrogen reac t ions  with unalloyed 
t i t an ium and Ti-5A1-2.5Sn, a hydride formed on the  sur face  of t h e  samples 
and could be de tec ted  microscopically. I n  t h e  Ti-13V-llCr-3Al and Ti-6A1-4V 
a l l o y s ,  no hydride l aye r  was formed unless  the  concentrat ion i n  the  metal 
reached about 500 ppm. Thus, vacuum fus ion  hydrogen ana lys i s  was necessary 
t o  de t ec t  a hydrogen r eac t ion  i n  thesc  al loys.  
A summary of hydrogen reac t ions  wi th  the  t i tanium a l l o y s  is  given 
i n  Table 21. As the  Ti-75A a l l o y  showed no s i g n i f i c a n t  d i f f e r ence  i n  reac- 
t i v i t y  over t h a t  of Ti-SOA, i t  does not appear i n  t h i s  t a b l e  and w i l l  not  
be  discussed fur ther .  
Based on d a t a  given i n  Table 21, i t  genera l ly  appears t h a t  t h e  
Ti-5A1-2.5Sn and Ti-13V-11Cr-3A1 a l l o y s  were t h e  most r e a c t i v e  of t he  mate- 
rials examined. The l e a s t  r e a c t i v e  w a s  t he  Ti-6A1-4V al loy.  The Ti-13V- 
11Cr-3A1 a l l oy ,  used only i n  t h ree  experimental runs,  showed a v io l en t ,  
ca tas t rophic  reac t ion ,  as shown i n  Figure 19, i n  one sample and a l a rge  
amount of hydrogen pick-up i n  a second sample. No runs were made a t  300 p s i g  
hydrogen pressure  with t h i s  a l loy.  Table 22 compares t he  quan t i t y  of hydro- 
gen reacted wi th  Ti-50A, Ti-5A1-2.5Sn, and Ti-6A1-4V a t  300 ps ig  pressure. 
It can be seen t h a t  here,  a s  i n  Table 21, Ti-5Al-2.5Sn i s  t h e  most r e a c t i v e  
and Ti-6A1-4V t h e  l ea s t .  
The tubing reacted wi th  300 ps ig  hydrogen pressure i n  t he  "as- 
received" condit ion (degreased only) as shown i n  Figure 15. This was t h e  
only sample i n  t h i s  study t h a t  reac ted  with hydrogen without some form of 
sur face  treatment o r  preparat ion p r i o r  t o  exposure t o  hydrogen. It a l s o  
reac ted ,  and t o  a g rea t e r  ex ten t ,  a f t e r  g a l l i n g  with H-11 steel a t  room 
tempen4ture and a t  400 F. 
Mater ia l  Structure.  Three types of microstructure produced i n  
t h e  Ti-50A t i tanium study were examined i n  some d e t a i l .  These were coarse 
ac i cu la r ,  equiaxed, and cold ro l led .  The treatments used t o  produce these  
s t r u c t a r e s  and typ ica l  microstructures  a r e  presented i n  the  Mater ia l s  sec- 
tion. 
Table 23 shows the e f f e c t  of microstructure along with a i r  exposure 
on the titanium-hydrogen r eac t ion  near room temperature and 300 ps ig  hydrogen 
pressure. The coarse a c i c u l a r  s t r u c t u r e  proved t o  be the  most r e a c t i v e  with 
hydrogen and l e a s t  a f f ec t ed  by exposure t o  air a f t e r  abrasion. There was 
l i t t l e  d i f f e r encs  i n  t he  r e a c t i v i t y  of t h e  cold-rol led and equiaxed mater ia l  
except t h a t  a s l i g h t  reac t ion  with hydrogen had s t i l l  occurred a f t e r  4 hours 
of exposure t o  a i r  with t he  cold-rol led ma te r i a l  bu t  not with the  equiaxed 
mater ial .  
TABLE 21. SUMMARY OF THE EFFECT OF HYDROGEN NEAR 
ROOM TEMPERATURE: ON TITANIUM ALLOYS 
No. of No. of Percent of 
Alloy Pretreatment Samples Treated Samples Reacted Samples Reacted 
Atmospheric Hydrogen Pressure 
Ti-6A1-4V Abraded, vacuum annealed, 4 
2 with T i  f o i l  
Ti-5A1-2.5Sn Abraded, vacuum annealed 3 
with f o i l  
Ti-13V-11Cr-3A1 Abraded, vacuum annealed 3 
with f o i l  
Ti-50A Abraded, vacuum annealed 24 
with and without f o i l  
Ti-5A1-2.5Sn Galled o r  a?raled 
and r insed  
Ti-6A1-4V Galled o r  dbraded 
and r insed  
Ti-50A Galled o r  abraded 
and r insed  
300 ps in  Hydrogen Pressure 
Cyclic S t ressed ,  Atmospheric Hydrogen Pressure 
Ti-6A1-4V Samples not vacuum 
annealed. F o i l  
annealed i n  one 
run, none used 
f n  o the r  run. 
S t a t i c  S t r e s s ,  300 ps ig  Hydropen Pressure 
Ti-6A1-4V Abraded, r insed  1 l(b) 100 
(a) One sample reacted which had no Ti  f o i l  i n  system as pretreatment,  and one reacted 
which did contain the  f o i l .  
(b) Analysis showed 22 ppm hydrogen above base ana lys is ;  however, hydrogen was not  
concentrated i n  s t r e s sed  area. 


TABLE 23, SUMMARY OF THE EFFECT OF TITANIUM MICROSTRUCXURE AND THE EFFECT 
OF SAMPLE EXPOSURE Td ASR ON THE TITAMUli-HYDROGEN REACTION 
!Nme i n  
P ! ! r  Description of  Hydride 
Coarse Acicular Ti-50A 
5 d n ,  Thin discontLnuous hydride layer. 
15 rain, Thin discontinuous hydride Payer, 
1 hr, Thin layer i n  i so la ted  areas. 
2 hr. Thin layer in i so la ted  areas  (less than a f t e r  1 hr,). 
4 hr, Isola ted  spots  of hydride, 
Cold Rolled Ti-50A 
5 &a, Thin hydride layer i n  i so la ted  I:-ots. 
15 ruin, Thin hydride layer i n  i so la ted  spots  (less than 5 min. sample), 
1 hr, A few isola ted  spots  of hydride, 
2 hr, A few isola ted  spots  of hydride (less than 1 h s  sample), 
4 , A few isola ted  spots  of hydride (less than 2 hr, sample). 
5 min, Thin d i s c o n t i n u o ~  hydride layer, 
15 min, Thin hydride layer i n  i so la ted  areas. 
1 hr, . Thin hydride layer i n  i so la ted  areas (less than 15 min. sample). 
2 hr. Isola ted  spots  of hydride. 
4 hr. No hydride f ov.nd, 
Note: A l l  samples exposed t o  300 ps lg  hydrogen a t  99 F. 
Table 24 shows the  e f f e c t  of the microstructure on the hydride 
thickness of th ree  annealed Ti-SOA samples reacted at 300 F with 300 ps ig  
hydrogen pressure. Here, as i n  t h e  r e s u l t s  shown i n  Table 23, the  coarse 
ac icu la r  s t r u c t u r e  proved t o  be the  most react ive  as indicated by the 
g rea te r  thickness of the  hydride layer a f t e r  exposure f o r  e i t h e r  10 o r  100 
hours, The equiaxed and f i n e  ac icular  s t ructures  showed little difference 
i n  a c t i v i t y ,  
The g rea te r  a c t i v i t y  of the coarse ac icu la r  s t ruc tu re  is a l s o  
shown i n  Table 15, I n  t h i s  case, stress was applied t o  ac icular ,  cold 
ro l l ed ,  and equiaxed titanium under 300 ps ig  hydrogen pressure. A thin,  
discontinuous hydride layer was  found over the  e n t i r e  surface  of the  sam- 
p l e  having su ac icu la r  s t ruc tu re  and only i n  sca t tered  spots  on the equi- 
axed and cold r o l l e d  material. 
A reasonably consistent  microstructural  trend was  observed i n  
the  e n t i r e  experimental program. Unalloyed titanium samples having a 
coarse a c i c u l a r  microstructure, developed by slow cooling a f t e r  heating 
i n t o  t h e  beta  region, showed a greater  tendency f o r  t h e  hydriding react ion 
t o  occur and th icker  hydride scales  were formed. Hydride formed on t i t a n -  
ium having t h e  coarse ac icu la r  s t ruc tu re  usually was more o r  less uneven 
with r a t h e r  deep penetrat ion along the c r y s t a l  faces, whereas the  hydride 
formed on equiaxed material  w a s  usually qu i t e  uniform. This is shown i n  
Figure 20. 
Much of t h e  hydriding i n  the  l iquid  hydrogen tanks and tubing 
connections described i n  the  Introduction was i n  the  v i c i n i t y  of welds, 
The microstructure of titanium which has been subjected t o  heating and 
cooling dur ing t h e  welding process is acicular ,  and depending on cooling 
rate, can be q u i t e  coarse. This may a c c ~ u n t  i n  p a r t  f o r  t h e  observed 
tendency f o r  hydriding t o  concentrate i n  weld regions. 
Time. Three aspects  of t i m e  were considered i n  t h i s  work: 
(1) tine i n  air a f t e r  abrasion o r  gal l ing  and before hydrogen exposure, 
(2) length of t i m e  t o  evacuate t h e  system before the  addi t ion  of hydro- 
gen, and (3) the  length of t i m  of the  hydrogen exposure, 
The cor re la t ion  between rime i n  air a f t e r  akrasion o r  gal l ing  
and t h e  degree of react ion observed on exposure t o  hydrogen has already 
been discussed i n  t h e  sect ions on gal l ing  and surface condition. 
Table 25 shows a comparison of the e f f e c t  o2 evacuation time 
before introduction of hydrogen t o  the  system on the  hydrogen reaction. 
L i t t l e ,  if any, d i f ference  was noted i n  the  react ion of Ti-50A whether 
evacuated 4 o r  64 hours although a s l i g h t  increase i n  hydrogen reaction 
with evacuation t i m e  w a s  noted f o r  Ti-5Al-2.5Sn. 
The corre la t ion  between length of hydrogen exposure and amount 
of hydrogen react ion was  examined only br ief ly ,  I n  a simultaneous study 
of t h e  e f f e c t s  of time, temperature, and pressure on the  reaction,  the  
hydride layer thickness was greater  a f t e r  100 hours a t  300 ps ig  and 300 F 
than a f t e r  10 hours' exposure as shown i n  Table 24. 
TABLE 24. EFFECT OF TITANIUM MICROSTRUCTURE ON THE HYDRIDE 
LAYER THICKNESS OF SAMPLES REACTED AT 300 F AND 
300 PSIG HYDROGEN PRESSURE 
Time of Exposure, Thickness of Hydride 
hr Condition Layer, Average (mils) 
Fine grained equiaxed 2.5 
Coarse acicular 3.5 
Fine acicular 2.8 
Fine grained equiaxed 
Coarse acicular 
Fine acicular 

TABLE 25. A COMPARISON OF HYDROGEN ABSORPTION 
WITH LENGTH OF EVACUATION TIME 
Increase in Hydrogen 
Sample Galling Content, ppm -1- l(a) 
Material Material Evacuated 4 hr Evacuated 64 hr 
Ti-50A Ti-50A 
II 
0 
H-11 steel 11 
II 
11 
304 SS 0 
C-3 tool 1 
II SIC I1 
Ti-5A1-2.5Sn Ti-5A1-2.5Sn 2 
I t  H-11 steel 
I1 
3 
I t  
304 SS 3 
C-3 tool 
I t  
5 
Sic 4 
(a) Samples exposed 64 hours at 300 psig. 
I n  work a t  atmospheric hydrogen pressure, a manometer connected 
i n  the  system made i t  possible t o  determine i f  a hydrogen react ion  was taking 
place. The reac t ion  normally began immediately and was usually allowed t o  
continue overnight,  16 t o  18 hours. After t h i s  timesthe react ion had usually 
stopped o r  w a s  proceeding very slowly due t o  the decrease i n  hydrogen pres- 
s u r e  which accompanied reaction. No rate measurements were made. I n  t h i s  
work, it  was found t h a t  i f  a hydrogen react ion fa i l ed  t o  begin almost imme- 
d i a t e l y  a f t e r  the  exposure t o  hydrogen, no react ion would take place regard- 
less of the  length of the  exposure time. 
With runs made a t  high pressures, the  drop i n  pressure which re- 
su l t ed  when the  samples did hydride was not of a s u f f i c i e n t  magnitude t o  be 
read from the  pressure gage. Because of t h i s ,  most experimental runs made 
a t  high pressure were allowed t o  r eac t  for  about 64 hours t o  insure  tha t  
ample time was provided f o r  the  react ion t o  occur. 
Gall ing During Hydrogen Exposure_. Several experimental runs were 
made using the  apparatus shown i n  Figure 8 where ga l l ing  of the sample could 
be accomplished while i n  a moderate pressure of hydrogen. 
Metallographic examination showed hydriding occurred on Ti-50A 
samples a f t e r  only 30 minutes exposure to  50 psig hydrogen pressure during 
galling. Hydride vas found along the  s ides  of the notches worn i n t o  t h e  
s t a t ionary  sample a s  shown i n  Figure 21  a s  w e l l  a s  along the  gal led area  of 
t h e  moving sample. Galling i n  a hydrogen atmosphere was ab le  t o  i n i t i a t e  a 
reac t ion  on samples having no p r io r  surface treatment. A summary of a l l  
t h e  experimental work completed on gal l ing  i n  hydrogen a t  50 ps ig  i s  shown 
i n  Table 26. Changes i n  weight were used t o  determine the  amount of reac- 
tion. Weight changes during ga l l ing  i n  a hydrogen atmosphere were compared 
with samples gal led f o r  i d e n t i c a l  time periods i n  a i r  a t  atmospheric pres- 
sure. It was assumed t h a t  a s  hydride formed, i t  would be rapidly worn 
away durlng ga l l ing  such t h a t  the  amount of react ion would be d i r e c t l y  re- 
l a t ed  t o  weight loss. Measurements were made of the  depth of the  notch 
worn i n t o  severa l  of the s ta t ionary  samples (Sample B) t o  determine whether 
notch depth correlated with the  loss  i n  weight. A s  shown i n  the  following 
tabulat ion,  a f a i r l y  good corre la t ion  existed: 
Depth of Notch, Weight Loss, 
m i  1s mg 
I n  a few cases, samples were a l s o  analyzed t o  determine hydrogen pick-up 
a f t e r  hydrogen exposure during galling. 
As  shown i n  Table 26, the  Ti-6A1-4V a l l o y  was most react ive,  the  
Ti-5A1-2.5Sn samples were next i n  r eac t iv i ty ,  and Ti-50A was l e a s t  reactive. 
The presence of o i l  seemed t o  increase the  amount of hydriding. Analyses 

Exposure Sample Weight 
Material Time, Atmos- Loss, mg 
A B min. phere A B Tota l  Remarks 
' Ti-5OA Ti-50A 90 H2 1.1 7.3 8.4 A v e r a g e o f 3 s a m p l e s .  
Oiled Ti-5OA Ti-5OA 9 0 X2 9.3 3.2 12.5 Sample B showed 8 ppm 
hydrogen increase.  
H-11 Ti-5OA 90 H2 2.0 11.3 13.3 
Ti-50A Ti-50A 90 A i r  2.7 2.5 5.2 
Ti-50A Ti-50A 30 H2 1.1 1.7 2.8 A v e r a g e o f 3 s a m p l e s .  
Ti-50A H-11 30 HZ 1.4 -- -- 
Ti-SOA Ti-5OA 30 A i r  1.9 0.3 2.2 Average of 5 samples. 
Ti-5-2.5 Ti-5-2.5 90 H2 15.9 2.9 18.8 Average of 2 samples (b) . 
Ti-5-2.5 Ti-5-2.5 90 A i r  1.9 0.8 2.7 
Ti-6-4 Ti-6-4 90 X2 10.0 13.2 23.2 Average of 3 samples. 
Oiled H-11 Ti-6-4 18 0 H2 10.4 46.6 57.0 Sample B showed 14  ppm 
hydrogen increase.  
Ti-6-4 Ti-6-4 90 A i r  1.6 0.8 2.4 
Hydrogen p re s su re  was 50 p s i g  and temperature about 75 F. A l l  samples etched 
i n  a s o l u t i o n  o f  67 p a r t s  H20, 33 p a r t s  HN03, and 3 p a r t s  HI? before exposure 
t o  g a l l i n g  i n  hydrogen. Sample A was he moving sample; Sample B, t h e  s t a t i o n a r y  
one. 
(b) One p a i r  of  samples was analyzed. Hydrogen inc rease  was 14 ppm i n  Sample A and 
8 ppm i n  Sample B. 
showed a 14 ppm hydrogen content increase  i n  t h e  s t a t i o n a r y  sample of 
Ti-6A1-4V and an 8 ppm increase  i n  s i m i l a r l y  t r ea t ed  sample of Ti-SOA. 
A p a i r  of Ti-SA1-2.5Sn samples ga l led  without o i l  present  were a l s o  ana- 
lyzed. The s t a t i ona ry  sample picked up 8 ppm and t h e  moveable sample 
14 ppm. A considerable amount of powder mater ia l  was present  on the  appa- 
r a t u s  f l o o r  below the point  of contact  of samples ga l led  i n  hydrogen. 
TIds ma te r i a l  was presumed t o  be hydride. 
There did not appear t o  be a cons is ten t  p a t t e r n  i n  t he  amount of 
weight l o s t  from the  s t a t i o n a r y  and moveable samples. Sometimes one l o s t  
more weight and sometimes t h e  o ther ,  Presumably, t h i s  d i f fe rence  i s  r e l a t e d  
i n  some way t o  the  proper t ies  of t he  materials studied--probably t o  hardness 
and work hardening rate--but the  t e s t  program was not s u f f i c i e n t l y  broad t o  
demonstrate t he  o r i g i n  of t h e  va r i ab l e  weight l o s s  pat tern.  
I n  s p i t e  of t he  incons is tenc ies  i n  t h e  t e s t  da ta ,  t he  experimental 
work showed t h a t  ga l l i ng  of t i tanium and its a l l o y s  while exposed t o  hydrogen 
at pressures  as low a s  50 ps ig  w i l l  i n i t i a t e  a hydriding r eac t ion  i n  a r e l a -  
t i v e l y  s h o r t  time. 
Prevent ion of H ~ d r i d i n g  
It has been proved t h a t  t i t an ium w i l l  hydride a t  near room tem- 
pe ra tu re  and atmospheric hydrogen pressure Sf a c lean  su r f ace  is  exposed t o  
c l ean  hydrogen, A t  higher hydrogen pressures ,  a clean su r f ace  a l s o  r e a c t s  
with hydrogen, but  a n  o i l y  ga l led  o r  scratched sur face  is  much more reac t ive .  
I n  order  t o  prevent hydriding from tak ing  place, t h e  t i tanium sur-  
faces  should be removed along with any o i l y  contamination on the  surface,  
Removal of t h e  gal led,  o i l y  contamination can be accomplished by degreasing 
with cp acetone and p ick l ing  the  su r f ace  with a so lu t ion  cons is t ing  of 67 
p a r t s  H20, 33 p a r t s  HN03, and 3 p a r t s  HF. 
The da t a  shown i n  Table 27 i l l u s t r a t e  t he  e f f e c t s  of p ick l ing  i n  
r e t a rd ing  the hydriding of titanium. I n  each mater ia l ,  a 30-second p ick le  
lowered t h e  amount of hydrogen absorbed considerably. By p ick l ing  t o  re- 
move about 2 m i l  of surface,  hydriding w a s  eliminated. No hydride was 
v i s i b l e  microscopically on any sample from which 2 m i l s  had been removed 
by pickling. The small inc rease  i n  hydrogen content  above t h a t  of the 
base analyses  of heavi ly pickled Ti-50A and Ti-5A1-2.5Sn samples i s  believed 
due t o  t h e  hydrogen pick-up from t h e  p ick l ing  solut ion.  
The presence of an oxide layer  on t h e  sur face  of t i tanium was 
shown i n  the  sec t ion  on contamination t o  decrease hydriding. I f  exposed 
t o  air f o r  a s u f l i c i e n t  length of time, hydriding was considerably retarded. 
The time i n  air required t o  prevent a hydrogen r eac t ion  was found t o  be only 
about one minute a f t e r  vacuum annealing and before exposure t o  atmospheric 
hydrogen pressure and approximately 5 t o  6 days f o r  samples exposed t o  300 
ps ig  hydrogen pressure. The e f fec t iveness  or exposure t o  air  i s  shown i n  
Table 27 f o r  ma te r i a l  ga l led  i n  the  presence of o i l .  A s  shown by these da ta ,  
some r eac t ion  st i l l  took place a f t e r  6 days exposure t o  a&. 
TABLE 27. SUMMARY OF RESULTS I N  ATTENPTS TO PREYEN%' THE TITANIUM-HYDROGEN REACTION 
--- 
Increase  i n  
Gal l ing  Treatment Attempted t o  Hydrogen 
Alloy Mater ia l  Prevent H z d r i d i n ~  Content, P P ~  2 1 
Ti-50A Oiled Ti-5OA None (control)  47 (Avg of 2) 
D i t to  Pickled 30 seconds 13 (Avg of 2) 
II Pickled 2 m i l  o f f  diameter 5 (Avg of 2) 
IS Exposed t o  a i r  148 h r  a f t e r  10 
g a l l i n g  and before H2 exposure 
11 11 Annealed 2 h r  a t  1100 F i n  argon 31 
II Clean Ti-50A Di t to  9 
t i  Oiled Ti-SOA Cleaned thoroughly i n  cp acetone 39 (Avg of 2) 
a f t e r  g a l l i n g  
Ti-5A1-2.5Sn Oiled Ti-5A1-2.5Sn None (control)  50 (Avg of 2) 
D i t to  Pickled 30 seconds 22 (Avg of 2) 
11 Pickled 2 m i l  o f f  diameter 12 (Avg of 2) 
II Exposed t o  a i r  148 h r  a f t e r  20 
g a l l i n g  and before  H2 exposure 
t i  II Annealed 2 h r  a t  1100 F i n  argon 47 
II Cleaned thoroughly i n  cp acetone 45 (Avg of 2) 
a f t e r  ga l l i ng  
Ti-6A1-4V Oiled Ti-6Al-4V None (control)  12 (Avg of 2) 
D i t t o  Pickled 30 seconds 0 ( ~ v g  of 2) 
II Pickled 2 m i l  o f f  diameter -5 (Avg cf 2) 
II Exposed t o  a i r  148 h r  a f t e r  9 
g a l l i n g  and before H2 exposure 
II II Annealed 2 h r  a t  1100 F i n  argon 52 
II Cleaned thoroughly i n  cp acetone 5 (Avg of 2) 
a f t e r  g a l l i n g  
An a l t e r n a t e  method of preventing a hydriding r eac t ion  of ga l led  
material was considered t o  be annealing t o  d i f f u s e  any me ta l l i c  contamina- 
t i o n  from t h e  s u r f a c e  i n t o  the  a l loy .  To prevent oxidat ion from masking 
the  e f f e c t s  of t h e  d i f fus ion  treatment,  samples were encapsulated and 
annealed i n  a 99.996 p u r i t y  argon atmosphere. A 2-hour anneal at 1100 F 
was used. The r e s u l t s  of these  s tud ie s ,  a s  shown by the hydrogen content 
d i f f e r ences  shown i n  Table 27, are d i f f i c u l t  t o  i n t e rp re t .  Apparently, 
some inc rease  i n  hydrogen content occurred during the  argon anneal  a s  a 
r e s u l t  of pick-up of hydrogen from the  r e s idua l  o i l  film. Unfortunately, 
analyses  of  t hese  samples were not made a f t e r  t he  argon anneal and before 
hydrogen a p o s u r e .  Metallographic examination of t h e  samples showed about 
t he  same amount of hydride t o  be present  on t h e  argon annealed Ti-50A and 
Ti-5A1-2.5Sn samples a f t e r  hydrogen exposure as was present  on the  sample 
exposed a f t e r  ga l l ing .  The Ti-6A1-4V ma te r i a l  was r e l a t i v e l y  f r e e  of hydride 
a f t e r  bo th  treatments.  It i s  concluded, therefore ,  t h a t  the  d i f fus ion  
anneal ing t reatment  was of l i t t l e  value i n  preventing a hydrogen react ion.  
Removal of  the  o i l y  contamination a f t e r  g a l l i n g  and before hydro- 
gen exposu.,-e d i d  not  e l imina te  hydridicg although i t  retarded i t  somewhat 
a s  shown i n  Table 27. I n  t h i s  case,  complete removal of o i l y  contamination 
was desired.  This was accomplished by a r i n s e  i n  cp acetone followed by a 
5-minute ace tone  soak with ag i t a t i on ,  then another acetone r inse.  Cleaning 
is probably e f f e c t i v e  i n  r e t a rd ing  t h e  r eac t ion  by r e s t o r i n g  t h e  sur face  
oxida t ion  r a t e  t o  t h a t  which is normally observed i n  t h e  absence of o i l y  
contaminat ion. 
It i s  obvious from t h i s  d i scuss ion  t h a t  t o  minimize the  chance of 
a t i t an ium r e a c t i o n  when t i tan ium and i ts  a l l o y s  a r e  exposed t o  hydrogen 
gas, t h e  fol lowing precautions and treatments should be taken: 
(1) Pro tec t  t h e  material from a l l  abras ion  o r  g a l l i n g  o f  
t h e  su r f ace  during fabricat ion.  
(2) Keep o i l  ~ . l d  o the r  contaminants from contact  with the  
mater ia l .  This includes f ingerpr in ts .  
(3) Before use, degrease thoroughly and p ick le  i n  a so lu t ion  
of 67 p a r t s  H20, 33 p a r t s  HN03, a d  3 p a r t s  HF. A s i g n i f i -  
c a n t  amount of metal removal is  des i rab le ,  A 2-mil sur face  
l a y e r  removed i n  t he  present  work was e f f e c t i v e  i n  elimina- 
t i n g  r eac t ion  with hydrogen. 
(4 )  During use, r e f r a i n  from handling with the  bare hands and 
prevent any scra tch ing  o r  abras ion  of the  surface. 
Conclusions 
It i s  apparent t h a t  a r eac t ion  between hydrogen gas and t i t an ium 
t o  form t i tan ium hydride is  poss ib le  a t  room temperature, The occurrence 
o f  t h i s  r eac t ion  is a f f ec t ed  by a number of va r i ab l e s  a c t i n g  i n  a complex 
manner. As a r e s u l t ,  small  d i f fe rences  i n  experimental technique can pre- 
vent a r e a c t i o n  where one i normally expected o r  cause a r eac t ion  when none 
i s  expected. 
During t h e  course of the  present  s tud ies ,  s eve ra l  f ac to r s  were 
found t o  favor t h e  occurrence of a react ion.  These included increased 
hydrogen pressure ,  increased r eac t ion  temperature, abrasion of t h e  t i tanium 
su r face  immediately before  expGsure to hydrogen ( a t  pressures  above two 
atmospheres), vacuum anneal ing a t  1500 F t o  d isso lve  sur face  oxides before 
hydrogen exposure, and g a l l i n g  of t he  su r f ace  with o the r  mater ia l s  such a s  
i r o n  o r  t i t an ium a l l o y s ,  e spec i a l ly  i f  g a l l i n g  occurred i n  the  presence of 
o i l .  Micros t ruc ture  and a l l o y  composition a l s o  a f f ec t ed  the  react ion.  The 
amount of hydriding under a given set of condit ions was g rea t e r  f o r  ac i cu la r  
than f o r  equiaxed s t ruc tu re s .  Ti-5A1-2.5Sn and unalloyed t i t an ium seemed 
more r e a c t i v e  than  Ti-6A1-4V. A l l  a l l o y s  and a l l  micros t ruc tura l  condi t ions 
examined reacted,  however. 
S t r e s s  was expected t o  favor t he  hydriding r eac t ion  e i t h e r  by 
causing cracking  of t h e  t h i n  oxide sur face  l aye r  o r  by causing the  hydride 
t o  spa11 r a p i d l y  as i t  formed, thus continuously exposing ciean metal. 
This was not found t o  be the  case, however. I n  only one case was s t r e s s  
found t o  cause hydride s p a l l i n g  and p i t t i n g ,  a sample of Ti-6A1-4V exposed 
t o  f a t i g u e  loading. Several  s i ~ i l a r l y  loaded samples did not develop p i t -  
t i ng ,  however. As 3 means of inducing oxide cracking, s eve ra l  samples 
were oxtdized a t  elevated tempeiatures t o  develop th icker ,  more b r i t t l e  
oxide Payers. The rate of hydriding of those samples was a l s o  unaffected 
by stress. 
Fac tors  which appeared t o  i n h i b i t  o r  prevent  a hydriding r eac t ion  
were impur i t i e s  i n  t h e  gas phase, exposure t o  air f o r  severa l  days a f t e r  
su r f ace  t rea tments  involving abrasion o r  ga l l i ng ,  which favor the  reac t ion ,  
and p i ck l ing  i n  a HF:HNC3:H20 so lu t ion  t o  remove iueasurable amounts of sur-  
f ace  metals. The ef fec t iveness  ~f t hese  f a c t o r s  i n  preventing a r eac t ion  
i s  d i f f i c u l t  t o  a s s e s s  with cer ta in ty .  
Although a r eac t ion  was never observed i n  t h e  present  work unless  
l i qu id  n i t rogen  cold trapped hydrogen was used and unless  t h e  r eac t ion  ves- 
s e l  was evacuated t o  about 1 micron pressure o r  l e s s  before hydrogen was 
introduced, i t  is not  c e r t a i n  t h a t  small changes i n  technique would not cause 
a r e a c t i o n  t o  proceed i n  a l e s s  pure hydrogen atmosphere. The need f o r  a 
high-puri ty  gas phase i s  undoubtedly r e l a t e d  t o  the  amount of t i tanium sur -  
face  a v a i l a b l e  f o r  r eac t ion  a s  shown by s tud ie s  using t i tanium ge t te red  a t  
one atmosphere pressure.  Ia t he  present  s tud ie s ,  t h e  r a t i o  of gas volurne 
t o  metal  s u r f a c e  was q u i t e  high. 
From t h e  s t u d i e s  conducted i n  t h i s  work, it is poss ib le  t o  point  
t o  s e v e r a l  f a c t o r s  which may have favored t h e  hydriding r eac t ion  leading t o  
f a i l u r e  i n  t he  hydrogen tank described i n  t he  Introduction. These are:  
(1) The high-puri ty  hydrogen gas phase ex i s t i ng  over 
l i q u i d  hydrogen. 
(2) The g a l l i n g  of t he  tube inner  sur face  by the  mandrel 
used i n  tube drawing. 
(3) The g a l l i n g  and abrasion of t he  tube ends by wire 
brushing p r i o r  t o  welding of the  attachment f i t t i n g s .  
(4) The ~ c r o s t r u c t u r a l  changes occurring i n  the  weld 
region. 
(5) The moderately high hydrogen pressure (greater than 
2 atmospheres). 
Although less c l e a r l y  demonstra d by t h i s  study, i t  seems probable tha t  
thermal. cycling was a l s o  a fac to r  i n  the  hydride spal l ing  and rapid p i t -  
t i n g  leading t o  perforat ion of the  tubing. 
Based upon the s tudies  performed during t h i s  program, the use 
of titanium a l l o y s  i n  a hydrogen atmosphere at room temperature must be 
approached w i t h  caution. A hydriding reaction can occur, and i n  ce r t a in  
cases, can proceed q u i t e  rapidly  causing severe p i t t i n g  o r  conversion of 
major amounts of material t o  hydride. 
STUDIES OF l J n D  33~RITTL~~NTNTRESULTING 
FRO31 HYDROGEN SEGREGATION 
Introduction 
A helium pressure vessel  constructed of heat  t rea ted  Ti-6A1-4V 
f a i l e d  lead5ng t o  t h e  destruction of a Saturn S-IV B rocket during a test 
sequence. Unalloyed t i t a n i m  f i l l e r  was inadvertently used i.1 makfng the  
tank g i r t h  weld, a mull;ipass weld joining 0.4-inch-thick hedspheres. 
Moreover, although both the  unalloyed f i l l e r  metal and the  Ti-6Al-4V hemis- 
pheres contained less than 100 ppm hydrogen, extensive hydride segregation 
was found at  t h e  veld  metakheat  affected zone interface. A major composi.. 
t ion  change a l s o  occurred at t h i s  point, the  composition changing from 
essen t i a l ly  pure t i tanium t o  Ti-6A1-4V. Since the  tank had survived proof 
t e s t ing  at  pressures well  above the service  pressure, i t  appeared t h a t  
f a i l u r e  m y  have resul ted  from hydride precipi ta t ion  during service  ra ther  
than from low weld  strength, and tha t  the use of unalloyed titanium f i l l e r  
was a contributing fac to r  r a the r  than the d i r e c t  cause of fa i lure .  
The use  of unalloyed f i l l e r  i n  t h e  welding of Ti-6Al-4V is common 
practice. However, there is usually a significant: amount of weld d i lu t ion,  
such tha t  r.he weld metal contains appreciable aluminum and va~adium a f t e r  
welding, and no weld fa i lu res  a t t r ibu ted  t o  hydride formation i n  t h i s  type 
of weldment have been reported. Nevertheless, the f a i l u r e  c i ted  above 
indicated the need f o r  an  invest igat ion of the  conditions leading t o  hy- 
d r ide  formation i n  Ti-6Al-4V wafdments made with unalloyed f i l l e r  metal. 
Factors of importance were considered t o  be hydrogen content of components, 
amount of weld d i lu t ion ,  and post-weld heat  treatments. A program was 
i n i t i a t e d  t o  examine i n  a preliminary manner the e f f e c t s  of these variables 
on hydride formation and weldment properties. 
Material 
Ti-50A and Ti-6A1-4V materials  were obtarned from Titanium Metals 
Corporation of America (TMW). Both vese i n  the form of 0.125-inch sheet ,  
36 inches i n  length. The Ti-SOA was 2 inches wide, the Ti-6A1-4V, 4 inches 
wide, The analyses a r e  shown i n  Table 28. 
It was necessary to  hydrogenate and heat t r e a t  the Ti-6Al-4V t o  
produce the  desired hydrogen contents of 50 and 150 ppm and microstructure 
of 50 percent equiaxed alpha. The heat  treatment procedure which was per- 
formed a f t e r  Lydsogenation was a s  follows: 
(1) Solution heat  t r e a t  f o r  10 minutes a t  1740 F i n  air, 
(2) Water quench, 
(3) Surface grind t o  remove 3 m i l s  per side. 
(4) Age hetween clamped s t a i n l e s s  steel pla tes  ( t o  
f l a t t e n )  fo r  1-1/2 hours a t  1000 F and air cool. 
(5) Pickle l ightly,  
( 6 )  After  welding, age f o r  2-1/2 hours a t  1003 F 
between clamped s t a i n l e s s  steel p la tes  and air cool. 
The Ti-SOA was degreased thoroughly and used with no annealing 
treatment other than t h a t  applied during hydrogenation. 
A l l  mater ia l  was cu t  i n t o  18-inch lengths f o r  eas ie r  accommodations 
i n  the equipment which was used fo r  the hydrogen addition. 
Experimental Procedures 
I n  order t o  obtain the  necessary hydrogen levels ,  p la tes  of both 
Ti-50-4 and Ti-6A1-4V were hydrogenated by exposure t o  gaseous hydrogen a t  
elevated temperatures. The pla tes  (3  were hydrogenated simultaneously) were 
sealed ins ide  a 304 s t a i n l e s s  s t e e l  tube 5 f e e t  i n  length by 4-3/4 inch I D  
with 1/8-inch w a l l s ,  one end of which was welded closed and the  other,  
through which the  p la tes  were inserted,  was closed by a s t a i n l e s s  s t e e l  
flange and copper gasket. The tube was attached to  the same glass  modified 
Siever ts  apparatus described i n  the f i r s t  phase of t h i s  work, Figure 4. 
The pla tes  were heated t o  1350-1400 F by two 8-foot by 2-314-inch wide 
heating tapes wound on the  outside of the  5-foot tube and heavily insulated 
with asbestos and f i b e r  glass. Calcdated quan t i t i e s  of hydrogen were added 
from a cal ibra ted  volume (not shown i n  Figure 4). The progress of the  hy- 
drogenization was followed with a mercury manometer. After absorption of 
the  added hydrogen, usually i n  15 t o  30 minutes, the p la tes  were mint:-ined 
at tenperature f o r  one t o  two addi t ional  hours t o  allow fo r  hornogenization 
of the  hydrogen i n  the material,  then cooled slowly to  room temperature. 
TABLE 28. "iNALYSES OF THE Ti-5GA AND Ti-6A1-4V SHEET 
Heat Percent by Weight -- 
Material Number C Fe A1 V H. 0 N 
Ti- 50A 65411 0.022 0.10 -- -- 0.0030 0, il 0,008 
(a) ! h o  heats of the same material were received, 
The at ta inment  of t he  des i red  hydrogen l e v e l s  i n  t h i s  equipment 
proved unexpectedly d i f f i c u l t .  A t o t a l  of 20 shee ts  of Ti-6A1-4V and 6 
shee t s  of Ti-SOA were hydrogenated; however, only 11 shee ts  of Ti-6A1-4V 
and 4 shee t s  of  Ti-5OA f i l l e r  were used because of a change i n  program plan 
made a t  a l a t e r  s t a g e  i n  t he  inves t iga t ion .  I n i t i a l l y ,  spo t  checking of 
hydrogen contents  was planned. However, as occasional  high hydrogen p l a t e s  
were found, a more complete hydrogen ana lys i s  program was i n s t i t u t e d .  Un- 
for tuna te ly ,  one high hydrogen p l a t e  was included i n  a weldment before i t  
was discovered t o  be  o f f  analysis .  Although t h i s  weldment was ca r r i ed  
through t h e  test program, metallographic examination and notch loca t ion  
i n  notched t e s t i n g  was r e s t r i c t e d  t o  t he  ha l f  of the  weldment showing a n  
acceptable  hydrogen content, 
It w a s  o r i g i ~ a l l y  planned t o  prepare fourteen weldments accord- 
i ng  t o  t he  shcedule shown i n  Tabla 29. Theee weldments were t o  inc lude  
fou r  combinations o f  hydrogen content i n  unalloyed f i l l e r  metal  and 
Ti-6A1-4V base metal Fqeldments 1 through 12, and two weldments a t  h igh  
hydrogen l e v e l s  made wi th  e i t h e r  Ti-6Al-4V o r  Ti-5A1-2.5Sn f i l l e r  metal, 
Weldments 13 and 14. It was planned t h a t  t h e  f i r s t  12 weldments would 
inc lude  th ree  l e v e l s  of weld d i l u t i o n  f o r  each combination of hydroge~i 
content: low (- 0), medium (- 30), and high (> 50). Weld d i l u t i o n  was 
ca lcu la ted  as follows: 
B 
- x 100 = percent  weld di lut ion* 
A + B  
where B i s  t h e  volume o f  f i l l e r  metal and A i s  the volume of base metal i n  
t h e  weld metal zone. 
While hydrogenation and heat  treatment o f  mate r i a l  was i n  pro- 
gress ,  work was i n i t i a t e d  on dsvelopment of weld procedures t o  con t ro l  weld 
d i lu t ion .  Despite ex tens ive  va r i a t i ons  i n  welding condit ions and j o i n t  
design, i t  w a s  not  poss ib le  t o  obta in  a weld d i l u t i o n  l e v e l  of  l e s s  than 
35 percent while  obta in ing  complete weld fusion. Moreover, i t  w&s not 
poss ib le  t o  i nc rease  the  a l l o y  content of  t he  f i l l e r  metal much above t h e  
35 percent  l e v e l  without c r ea t ing  an  excessively l a rge  weld bead. A s  a 
r e s u l t ,  it was decided t o  discont inue e f f o r t s  t o  produce t h e  major i ty  of 
t h e  weldments i n  Table 29 and t o  concentrate  upon evaluat ion of f i v e  medium 
d i l u t i o n  weldments, Nos. 2, 5, 8, 11, and 13. The hydrogen contents  of 
t hese  medium di l s l t ion  weldments are shown i n  Table 10. A s  shown here,  the  
hydrogen contea t  of most components of these  weldil~ents w a s  somewhat higher  
than  the  des i red  level .  
The t i t an ium a l l o y  p l a t e s  were welded using t h e  gas tung: ten a r c  
process  i:~ a vacuum-purged argon back-f i l led welding chamber. The chanber 
i s  equipped - d t h  a mechanical pump which can evacuate t he  chamber t c  l-nss 
than 5 microns pressure  5efore  back-f i l l ing  t h e  chamber. The chamber is  
a l s o  equipped wi th  a movable work t a b l e  cont ro l led  by a ca l ib ra t ed  servo- 
cont ro l led  motor and gear  box t o  provide p rec i se  con t ro l  of t h e  t r a v e l  sneed. 
* This formula i s  t h a t  used by the American Welding Society,  Weldinn Hand- 
book, 6 th  Edit ion,  Sect ion 1, p 2.37. 
-
TABLE 29. VARIABLES TO BE EXAMINED I N  WELDED SHEET 
Weldment Hydrogen Content F i l l e r  Metal Hydrogen Content Degree of 
No. (a) of Ti-6A1-4V Sheet Composition of F i l l e r  Weld Dilution__ 
f N 50 ppm Ti-50A N 50 ppm Low 
2 II 11 II Medium 
3 II II II High 
10 - 50 ppm II 
11 I f  I f  
12 I1  11 
11 Low 
I t  Nedium 
11 High 
- 150 ppm LOW 
II Medium 
11 High 
tow 
Medium 
High 
13 - 150 ppm Ti-6A1-4V II Low 
14 II Ti-5A1-2.5Sn i t  Low 
(a) Two 4 x 18-inch s h e e t s  t o  be joined along the  18-inch dimension t o  produce 
a n  8 x 18-inch weldment. 
TABLE 30. HYDROGEN CON'I'ENT OF MEDIUM DILUTION WELDIENTS 
Hydrogen Content of  Hydrogen Content of 
Weldaent Ti-6A1-4V SheeL ppn B 5 0  B i l l e r .  ppm 
Number Desired Actual Degiied Actual 
(a) Ti-6A1-4V p la te  from Heat 64820 used for t h i s  
weldment . 
(b) Ti-6A1-4V plate  from Heat G5398 ueed for  t h i s  
weldment. 
(c)  Ti-6Al-4V f i l l e r  metal for  this weldment was 
from Heat 65398. 
An automatic  constant  vo l tage  cont ro l led  welding head, which main- 
t a i n s  t h e  proper a r c  length,  and a DC power supply with a high frequency 
s t a r t  c a p a b i l i t y  was used i n  t h i s  work. 
Each welded p l a t e  was made from two 18-x 4-inch t i tanium p l a t e s  
su r f ace  ground t o  a thickness  of 0.110 inch and one 20 x 1/4 x 1/8-inch 
t i t an ium i n s e r t .  The i n s e r t  cons t i tu ted  the  f i l l e r  metal. A double 45- 
degree bevel was machined a long  one 18-iach edge of each p la te .  The o the r  
18-inch edge was faced o f f  so  t h a t  t h e  t o t a l  width of each p a i r  of p l a t e s  
was exac t ly  4 inches. 
F igure  22 shows, schenat ica l ly ,  t he  j o i n t  configurat ion and 
tool ing.  
The i n s e r t  was placed between the  45-degree bevels  of each p la te .  
Wo copper b a r s  were used t o  provide a cont ro l led  c h i l l  and hold down tool -  
i n g  f o r  t h e  assembly. The bars  were placed about 1 inch from t h e  weld cen- 
ter l ine .  S t e e l  hold-down clamps were placed about every s ix  inches along 
the  length  of t h e  c h i l l  bars  t o  provide t h e  hold-down force. 
Tooling a t  t h e  bottom of t h e  j o i n t  consis ted o f  a copper backing 
p l a t e  i n s e r t e d  i n t o  t h e  work table .  The backing p l a t e  provided t h e  bottom 
c h i l l  and w a s  machined f l u s h  wi th  t h e  top of t h e  work table .  A 2-inch 
s i d e  x 114-inch deep s l o t  was machined i n t o  the  backing p l a t e  s o  t h a t  i t  
was not i n  con tac t  with t h e  f i l l e r  metal i n s e r t  o r  t i tanium p l a t e  near 
t h e  weld area. 
The v e r t i c a l  pos i t i on  of the  f i l l e r  metal i n s e r t  was obtained 
by p lac ing  t h r e e  small copper shims along the  i n s e r t  length bemeen t h e  
i n s e r t  and t h e  backing p la te .  A t  these  same loca t ions  on the  top, s t e e l  
b a r s  containing a screw were used t o  clamp t h e  i n s e r t  i n t o  posi t ion.  
The t i t an ium a l l o y  p l a t e s  and f i l l e r  metal i n s e r t  were in se r t ed  
i n t o  t h e  chamber and t h e  too l ing  was clamped i n t o  place. The t a b l e  was 
then  slowly moved from end t o  end t o  check f o r  proper alignment of t h e  
tungsten e l ec t rode  along t h e  i n s e r t  cen ter  l ine.  Af t e r  f i n a l  alignment, 
t h e  chamber was then  purged and back-f i l led witk t h e  high-purity argon t o  
a s l i g h t  p o s i t i v e  pressure.  Tack welds were then placed i n  t he  middle and 
a t  each end of t h e  i n s e r t .  The i n s e r t  pos i t ion ing  clamps and copper shims 
were removed and t h e  tacked assembly reclamped and realigned. The top 
weld w a s  then  made along t h e  length of t he  plates .  The f i r s t  pass melted 
t h e  top po r t ion  o f  t h e  i n s e r t  achieving about 55 percent  penetration. The 
p a r t i a l l y  welded a s s e ~ b l y  was then removed from the  too l ing ,  ro t a t ed  180 
degrees about t h e  lolrgi tudinal  weld ax i s ,  reclamped, and realigned. The 
second pass weld was then made t o  complete t he  joint .  
The range of t h e  welding parameters f o r  each pass as indica ted  by 
a recording v o l t  amneter are shown i n  Table 31 along wi th  o ther  parameter 
information, 
/-Insert positioning clamp -/ 
FIGURE 22. JOINT CONFIGURATION AND TOOLING 
FOR PRODUCTION OF THE WELDMENTS 
TABLE 31. WELDING PARAMETERS 
- 
1st: Pass 2nd Pass 
Arc Voltage (volts) 13-14 13- 14 
Weld Current (amps) 159-160 159-160 
Travel Speed (inchlminute) 8 8 
Electrode (negative) 3132-inch diameter--1% Thoriated Tungsten 
Eiectrode Stickout (inch) 3 / 4  314 
-- 
This technique r e su l t ed  i n  a weld d i l u t i o n  of approximately 35 
percent when using unalloyed t i tanium f i l l e r .  Analysis of t h e  weld metal 
showed i t  t o  contain approximately 2.0 percent  aluminum and 1.4 percent 
vanadium. * 
Upon completion of the  welding, t h e  welded p l a t e s  were aged an  
add i t i ona l  2-1/2 hours a t  1000 F i n  air  and air cooled, then ground f l a t .  
Test  samples were c u t  from the  p l a t e s  a s  shown i n  Figure 23 t o  provide 
ma te r i a l  f o r  constrained bend, t e n s i l e ,  notched t e n s i l e ,  notched s t r e s s  
rupture,  and metallographic t e s t s .  Constrained bend samples measured 314 
x 8 inches and were fastened onto a radiused s t e e l  mandrel t o  pmvide  a 
maximum su r face  s t r a i n  of 0.33 percent. Notched t e n s i l e  and s t r e s s  rupture 
samples were machined t o  provide a s t r e s s  concentrat ion f a c t o r  (I$) of  6 
as shown i n  Figure 23b. The notch was located i n  t he  weldment, such t h a t  
t h e  roo t  of t h e  notch was o f f s e t  s l i g h t l y  from the  center  l i n e  of t he  weld 
nugget ( see  Figure 23b). The notch cu t  through regions of weld metal and 
hea t  a f f ec t ed  zone and i n  some loca t ions  coincided with the  hydride. 
Unnotched t e n s i l e  samples were machined according t o  t he  drawing i n  Fig- 
ure  7 C. 
Resul t s  
Because of t h e  s i g n i f i c a n t  weld d i l u t i o n  which was present  i n  
t hese  samples, segregat ion of  hydrogen was not expected, However, as shown 
i n  Figure 24, s eve ra l  of t h e  welds showed obvious hydrogen segregat ion 
appearing as bands of hydride along port ions of t h e  fus ion  zone-heat a f f e c t  
zone in te r face .  Banding was evident  o n l j  along the  i n t e r f a c e  formed i n  the 
second weld pass. The banding along t h i s  i n t e r f a c e  was most prominent i n  
Weldment 8 where both tk base p l a t e  and f i l l e r  metal were high i n  hydro- 
gen (Figure 242). Weldment 5, made with low hydrogen f i l l e r  metal and 
high hydrogen base p l a t e ,  a l s o  showed obvious banding (Figure 24b). Only 
a s l i g h t  i nd ica t ion  of banding i s  seen or:fhe two welds made with unalloyed 
f i l l e r  metal  and low hydrogen base p l a t e ,  Weldments 2 and 11 (Figure 24a 
and 24d) while  no hydride w a s  seen i n  Weldment 1 3  m d e  with Ti-6A1-4V f i l -  
l e r  metal even though both base p l a t e  and f i l l e r  metal contained high hy- 
drogen contents  (Figure 24e). The amount of hydride d i s t r i bu ted  through 
the weld nugget appeared t o  decrease i n  t he  kollowing order: 8 (Figure 24c), 
5 (Figure 24b), 11 (Figure 24d), 2 (Figure 24a), and 13 (Figure 24e). Since 
t h e  hydrogen content was i n i t i a l l y  over twice a s  high i n  t he  f i l l e r  metal 
used t o  make Weldments 8 and 11 as i n  the  f i l l e r  metal used t o  make Weld- 
ments 2 and 5, i t  appears t h a t  s ign i f i can t  hydrogen passed from the  base 
p l a t e  t o  t he  weld metal during welding t o  cause the  l a rge  amount of hydride 
observed i n  Weldment 5. A s  w i l l  be noted l a t e r ,  i t  i s  poss ib le  t h a t  Weld- 
ment 5 was contaminated s l i g h t l y  during welding, and t h i s  Factor may have 
contr ibuted t o  t he  l a r g e r  than expected amount of hydride formation. The 
absence of hydrides i n  Weldment 13  i s  due t o  the  high s o l u b i l i t y  of hydrogen 
i n  Ti-6A1-4V. 
* Measurements of weld d i l u t i o n  were made only on t e s t  welds. Since i t  was 
found t h a t  weld d i l u t i o n  was reasonably constant  with the  technique used, 
i t  was considered unnecessary t o  run analyses  on the f i v e  weldments pre- 
pared f o r  mechanical property s tudies ,  
a. Sample Blank Cutting Procedure 
1 2  
0.125" fi Location of notch with respect 
to weld nugget 
b. Notched Test Sample ( Kt = 6) Side view of weld 
3$" 
/W h- -
- h.rr 
2 -s", 
1 4 - - 
I 0.5" radius 3 I 
c. Unnotched Test Sample 
FIGURE 23. TEST SAMPLE LOCATION AND SAMPLE DIMENSION 



When hydrides are present  i n  t i t an ium a l l o y s ,  they n o ~ m l l y  r e s u l t  
i n  a l o s s  ia  t e n s i l e  d u c t i l i t y  i n  high s t r a i n  r a t e  unnotched t e n s i l e  t e s t s  
and a l o s s  i n  t e n s i l e  s t r e n g t h  and d u c t i l i t y  i n  notched t e n s i l e  t e s t s .  This 
type of embr i t t l e~nent  is known as impact embrittlement. Unnotched t e n s i l e  
tests were run at two cross  head speeds, slow (0.005 inch  per  minute t o  
y ie ld ing  acd 0.05 inch  per  minute t o  f a i l u r e )  and f a s t  (0.5 inch per minute), 
and notched t e n s i l e  t e s t s  were run a t  0.005 inch  per  minute i n  a n  e f f o r t  t o  
de t ec t  impact embrittlement. A l l  t e s t s  were conducted a t  room temperature, 
The r e s u l t s  of dupl ica te  unnotched t e n s i l e  tests performed a t  a 
s l ~ w  t e s t i n g  rate are shown i n  Table 32. It i s  seen t h a t  Weldment 2, i n  
which both f i l l e r  metal and base p l a t e  were low i n  hydrogen,has t h e  h ighes t  
d u c t i l i t y  of t h e  fotlr weldments made wi th  unalloyed f i l l ~ r .  Weldment 13, 
made with Ti-6A1-4V f i l l e r ,  shows considerably higher s t r eng th  than the  
o the r  four  weldments, as c~ould be expected, and a l s o  shows good d u c t i l i t y .  
Weldment 5 shows a h igher  u l t imate  s t r e n g t h  and lower reduct ion i n  area than 
Weldments 2, 8 ,  o r  11. This i s  t e n t a t i v e l y  a t t r i b u t e d  t o  s l i g h t  oxyzen con- 
tamination during welrling. I f  t he  y i e ld  s t r eng th  of Weldment 5 is a l s o  
assumed t o  have been increased by cotltamination, perhaps as much as 3000 p s i  
higher than it would normally have been, Weldment 2 is seen t o  have t h e  
h ighes t  y i e l d  s t r e n g t h  of t h e  four  weldments inade wi th  unalloyed f i l l e r  
metal. Except f o r  s l i g h t  d i f fe rences  i n  d u c t i l i t y  and possibly y i e ld  
s t rength ,  t he  hydride d i s t r i b u t i o n  had l i t t l e  e f f e c t  on t e n s i l e  proper t ies  
a t  a slow t e s t i n g  speed. 
The r e s u l t s  of dup l i ca t e  unnotched t e n s i l e  tests performed at  a 
f a s t  t e s t i n g  s?eed a r e  shown i n  Table 33. A s  w a s  observed i n  slow t e n s i l e  
t e s t s ,  IJeldment 5 was somewhat s t ronger  and less d u c t i l e  than Iqeldments 2, 
8, o r  11, while  IJeldment 13 w a s  consi.derably s t ronger  than the  o t h e r  four. 
The d u c t i l i t y  d i f f e r ences  between t h e  four  weldments made wi th  unalloyed 
f i l l e r  are smal l  except f o r  t h e  reduction- i n  area of Weldment 5 and probzbly 
are not  s i g n i f i c a n t ,  although the  two weldments showing obvious hydride 
banding, Nos. 5 and 8, were t h e  least duct i le .  Some contamination of lield- 
ment 5 is a l s o  ind ica t ed  by t h e  t e n s i l e  da t a  a t t a i n e d  at  a f a s t  s t r a i n  rate. 
The r e s u l t s  of dupl icafe  notched t e n s i l e  tests are shown i n  
Table 34. I n  these  tests, t h e  d u c t i l i t y  cor re la ted  wi th  t h e  metallographic 
observations f o r  t h e  four  weldrnents made using unalloyed f i l l e r  metal. 
Moreover, t h e  notched s t r eng th  and t h e  notched:unnotched s t r e n g t h  r a t i o  
suggested t h a t  Weldruent No. 2, i n  which both base p l a t e  and f i l l e r  metal 
were low i n  hydrogen, w a s  super ior  t o  the  o ther  three. These d i f fe rences  
were q u i t e  small ,  however. FJeldment 13, made with Ti-6A1-4V f i l l e r ,  was 
more ncrtc3 s e n s i t i v e  than any of t h e  weldments made with unalloyed f i l l e r  
as indica ted  by a lower notched:unnotched s t r eng th  r a t io .  
It w a s  obvious from these  tests t h a t  t h e  hydride present  i n  the  
weldments had l i t t l e  e f f e c t  on t e n s i l e  propert ies .  There was no evidence 
of s i g n i f i c a n t  impact embrittlement. Since t h e  tank f a i l u r e  discussed i n  
t h e  In t roduct ion  occurred a f t e r  considerable s e r v i c e  under stress, i t  was 
considered poss ib le  t h a t  add i t i ona l  hydride p r e c i p i t a t i o n  o r  I~ydr ide  agglo- 
meration might occur during prolonged loading, t h a t  is, t h a t  t he  weldments 
would be susceptab le  t o  t he  type of hydrogel, embrittlement r e f e r r ed  t o  a s  
low s t r a i n  rate embrittlernent. Two t e s t  procedures were used t o  de t ec t  low 
s t r a i n  r a t e  embritt lement,  notched s t r e s s  rupture  t e s t s  ane constrained 
bend t e s t s .  
TABLE 32. RESULTS OF UNNOTCHED TENSILE E TS 
PERFOXMED AT A SLOW TEST RATE Tap 
Ultimate Yield 
Weldment Strength, Strength, Percent Reduction i n  
Number p s i  ps i  Elongation (b) - Area, percent 
101,203 89,600 
Average 101,600 89,000 
1 0 4 ; 8 ~  89-900 
Average 104,500 89,800 
8 98,900 84,300 4.0 27 
102,300 89,000 4.0 
- 
31 
-
Average 100,600 86,600 4.0 29 
11 101,200 86,400 4.5 31 
100,300 84,900 - 4.5 - 29 
Average 100,800 85,600 4.5 30 
141j900 123,400 
Average 141,700 123,400 
(a) Cross head speed of 0.005 inch per minute t o  yield,  then 
0.05 inch per minute t o  fai lure.  
(b) Measured between 2-inch gage marks. A l l  samples fractured 
i n  weld metal. 
'fAPLE 33.. RESULTS OF UNNOTCHED TENSILE TXSTS 
PERFORMED AT 0.5 INCH PER MINUTE 
Weldm nt  Tensile Percent Reduction i n  
No. fa) Strength. psi ~ l o ~ ~ a t 2 0 9 ( ~ )  Ar_-rcent 
2 106,500 
104,600 
Average 105,500 
110;400 
Average 110,000 
106- 000 
-4- - 
Average 105,300 
105 ;so0 
Average 105,600 
147,700 
Average 148,300 
(a) Measured between 2-inch gage marks. A11 samples 
fractured i n  weld metal. 
TABLE 34. RESULTS OF NOTCHED TENSILE TESTS (Kt = 6) 
Weldment Notched Tensile  Percent N0tched:Unnotched 
Number Strength, p s i  ~ l o n ~ a t i o n ( ~ )  Strength ~ a t i o ( ~ )  
2 119,800 4 
116,500 - 3 
Average 118,200 3.5 
Average 
Average 
11 113,200 
114,700 
Average 114,000 
Average 
(a) Based on comparisons with t h e  r e s u l t s  of unnotched t e n s i l e  
tests run a t  a slow s t r a i n  r a t e  (Table 32). 
(b) Measured between 112-inch gage marks, 
The r e s u l t s  of notched s t r e s s  rupture  t e s t s  on the  f i v e  weldments 
are presented i n  Table 35 and p lo t t ed  i n  Figure 25. Although the re  i s  some 
s c a t t e r  i n  t h e  da t a ,  i t  appears t h a t  a l l  four  of t he  weldments made with 
unalloyed f i l l e r  had approximately t h e  same 100-hour rupture  s t r eng th ,  
about 95,000 p s i ,  while  t h e  rupture  s t r eng th  of t he  weldment made with 
Ti-6A1-4V was about  25,000 p s i  higher. Samples from Weldments 8 and 5 
f a i l e d  i n  tests at 97,000 p s i ,  while  samples from Weldments 2 and 11 did  
not  f a i l  w i t h i n  100 hours. A sample of Weldment 8 was a l s o  placed i n  t e s t  
a t  96,000 p s i  and f a i l e d  i n  37 hours. However, as shown i n  Figure 25, 
t hese  r e s u l t s  are w e l l  wi th in  the  normal s c a t t e r  band of a s i n g l e  rupture  
curve includirlg d a t a  f r o s  a l l  four  weldments made with unalloyed f i l l e r  
metal. Low s t r a i n  rate embrittlement is  not a n  obvious f a c t o r  i n  t hese  
r e s u l t s .  
Sustained load bend t e s t s  were run i n  two ways. I n  t he  f i r s t  
t e s t s ,  a sample of each weldment was fastened t o  a curved s t e e l  block a t  
room temperature, The rad ius  of t he  block was such t h a t  t he  sample outer  
f i b e r s  were s t r a i n e d  i n  tens ion  0.33 percent  t ransverse  t o  t h e  weld. I n  
t h e  second test, both the  block and tile sample were heated t o  400 F f o r  
17 hours, t h e  samples were a t tached  t o  t h e  steel block, and the  s t r a i n e d  
samples and t e s t  block were cooled t o  room temperature. I n  a l l  cases ,  
t h e  second weld pas s  w a s  placed i n  tension. It was hoped t h a t  moderate 
hea t ing  followed by slow cool ing under stress would acce l e ra t e  hydrogen 
r ed i s t r i bu t ion .  Both groups o f  samples were examined pe r iod ica l ly  f o r  
cracks i n  t h e  weld regions using t h e  Zyglo technique, bu t  none were found, 
The samples s t r e s s e d  at room temperature were held i n  test f o r  51 days. 
Those s t r e s s e d  at 400 F were held i n  test a t  room temperature f o r  23 days. 
The r e s u l t s  of t h e  notched stress rupture  and sustained load bend 
tests showed no evidence of low s t r a i n  r a t e  embrittlement. Since t h e  notch 
stress rup tu re  test is q u i t e  s e n s i t i v e  t o  low s t r a i n  rate embrittlement 
tendencies,  it is concluded t h a t  t hese  weldments are not  susceptable  t o  low 
s t r a i n  rate embrittlement. This w a s  not unexpected s i n c e  most of t he  hydro- 
gen present  w a s  obviously a l ready  p rec ip i t a t ed  i n  t he  form of hydrides. 
Only t h a t  po r t ion  i n  s o l u t i o n  can cont r ibu te  t o  s t r a i n  r a t e  embrittlement, 
Despi te  t h e  f a i l u r e  t o  d e t e c t  evidence of s i g n i f i c a n t  embr i t t l e -  
ment i n  t h e s e  weldments, t he  observat ion t h a t  a major segregat ion tendency 
ex i s t ed  i n  weldments involving Ti-6A1-4V p l a t e  and unalloyed t i t an ium f i l -  
ler, even when a moderate amount of weld d i l u t i o n  was present ,  is d is turb-  
ing. Hydride banding of t h e  type observed, although apparent ly not  harmful 
i n  t he  weldments s tud ied ,  is  l i k e l y  t o  prove q u i t e  damaging i f  i t  becomes 
much more extensive. Further  s tudy of t he  f a c t o r s  leading t o  hydride 
banding and i ts  e f f e c t  on proper t ies  a r e  needed. 
Conclusions 
When Ti-6A1-4V p l a t e  is  welded wi th  unalloyed f i l l e r  wire, a 
tendency f o r  hydrogen r e d i s t r i b u t i o n  between the  base p l a t e  and f i l l e r  
metal exists. Bands of hydride were present  along the  fusion zone:heat 
a f f ec t ed  zone i n t e r f a c e  i n  two of f i v e  weldments prepared i n  t h i s  study. 
TABLE 35. RESULTS OF NOTCHED STRESS 
RUPTURE TESTS PERFORMED AT 
ROOM TEMPERATURE 
Weldment Stress, Time tr, 
Number psi Failure, hr - 
2 111,900 0.2 
105,600 0.7 
97,000 112.4 discontinued 
11 111,900 0.05 
100,300 6.4 
97,000 100.0 discontinued 
13 148,300 0.06 
133,500 0.10 
120,000 100.0 discontinued 
1.0 10 
Time to Rupture, hours 
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FIGURE 25. STRESS RUPTURE CURVES FOR NOTCHED SHEET SAMPLES AT ROOM TEMPERATUXE 
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